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Introduction

Loss of post-mitotic neurons from the adult brain underlies the pathology of neurodegenerative
diseases and neurotoxin exposure. Neuronal cell death occurs by two mechanisms; necrosis and
apoptosis. Apoptosis is a process whereby developmental cues and environmental stimuli
activate a genetic program to implement a series of steps that culminate in cell death. An
important aspect of apoptosis is that it can be halted and such interventions may rescue dying
neurons. The overall goal of this project is to identify key protein kinases involved in regulating
neuronal survival and apoptosis. The aims for the first year of funding as described in the
Statement of Work were to: 1) Define key protein kinase cascades regulated by neurotrophic
factors in neurons, and 2) Modulate the protein kinase cascades regulated by neurotrophic factors
and determine the consequence on neuronal survival and death. The progress made in these 2
areas, described below, has resulted in 6 published manuscripts and 4 abstracts presented at

national scientific meetings (Appendices 1-10).

Task #1. The first task was to identify protein kinase cascades that are regulated by
neurotrophic factors known to support the survival of neurons.

a) PI 3kinase/ Akt kinase/ GSK-3 pathway promotes survival of rat cerebellar granule neurons.
Previous studies have established a key role for phosphatidylinositol (PI) 3-kinase in

regulating trophic factor-dependent survival of neurons (1-2). The Akt protein kinase (also
termed protein kinase B and Rac) has been implicated as the transducer of PI 3-kinase
dependent survival signals generated by serum and certain growth factors (3-5). In response
to PI 3-kinase activation, Akt binds to phosphorylated membrane lipids via its pleckstrin
homology domain and is phosphorylated at threonine 308 and serine 473 (6).
Phosphorylation of Akt at these two sites leads to its activation and propagation of an anti-
apoptotic signal. One of the downstream targets of Akt implicated in cell survival is
glycogen synthase kinase-3 (GSK-3). Although GSK-3 was originally identified as a kinase
that phosphorylates glycogen synthase, subsequent studies have revealed that GSK-3 has a
broader role in the cell (7-10). It phosphorylates a number of substrates not involved in
glycogen metabolism including the initiation factor eIF2B (11), the microtubule-associated

protein tau (12), and the transcription factors, CREB (13), c-myc (14), c-jun (15), and B -
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b)

catenin (16). GSK-3 [ has been shown by complementation to be the mammalian
homologue of the shaggy gene from Drosophila melanogaster that regulates cell-fate
decisions during axial patterning and neurogenesis (9). GSK-3 B homologues in
Dictyostelium (17) and Xenopus (18,19) also appear to regulate cell fate in development.
The role of GSK-3 B in mammalian cell development is less clear. Recent studies in our
laboratory indicate that IGF-I and agents that elevate cAMP phosphorylate and inhibit GSK-
3 B at the same concentrations that these survival factors decrease apoptosis in rat cerebellar
granule neurons. Interestingly, inhibition of PI-3 kinase completely blocked the
phosphorylation of GSK-3 B induced by IGF-I and the survival effects of IGF-I, but had no
effect on cAMP-mediated survival. Likewise, a dominant-negative Akt blocked survival
mediated by IGF-I but not by cAMP . These data suggested that cAMP promotes neuronal

survival by another mechanism independent of PI-3 kinase/Akt activation. Further studies in

our laboratory, recently accepted for publication in Molecular and Cellular Biology
(Appendix 1), demonstrate that elevation of intracellular cAMP in rat cerebellar granule
neurons leads to phosphorylation of GSK-3 B. The increased phosphorylation of GSK-3[3
by PKA occurs at serine 9, the same site phosphorylated by Akt. Purified PKA is able to
phosphorylate recombinant GSK-3 B in vitro. Inhibitors of GSK-3 block apoptosis in these
neurons and transfection of neurons with a GSK-3 B mutant that cannot be phosphorylated
interferes with the pro-survival effects of cAMP. These data indicate that activated PKA can
directly phosphorylate GSK-3 B and inhibits its proapoptotic activity in neurons.

IGF-I activation of CREB in PC12 cells. In other studies, we collaborated with Dr. Jane

Reusch to examine the potential role of CREB in mediating the trophic effects of IGF-I in
neuronal cells. Activation of the nuclear transcription factor cAMP response element-
binding protein (CREB) has emerged as a central determinant in neuronal functions. We
examined whether IGF-I regulated the phosphorylation and transcriptional activation of

CREB in rat pheochromocytoma (PC12) cells, a cellular model for neuronal differentiation.

We found that CREB phosphorylation at serine 133 and its transcriptional activation as
measured by a CREB-specific Gal4-CREB reporter and the neuroendocrine-specific gene
chromogranin A was induced 2-3.3-fold by insulin-like growth factor (IGF)-I. This
activation was significantly blocked (p > 0.001) by the dominant negative K-CREB or by
mutation of the CRE site. IGF-I stimulated chromogranin A gene expression by Northern
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blot analysis 3.7-fold. Inhibition of MAPK kinase with PD98059, PI 3-kinase with
wortmannin, and p38 MAPK with SB203580 blocked IGF-I-mediated phosphorylation and
transcriptional activation of CREB by 30-50% (p < 0.001). Constitutively active and
dominant negative regulators of the Ras and PI 3-kinase pathways confirmed the contribution
of these pathways for CREB regulation by IGF-I. Cotransfection of PC12 cells with p38 B
MAP kinase and constitutively active MAPK kinase 6 resulted in enhanced basal as well as
IGF-I-stimulated chromogranin A promoter. IGF-I activated p38 B, which was blocked by
the inhibitor SB203580. This is the first description of a p38 B -mediated nuclear signaling
pathway for IGF-I leading to CREB-dependent neuronal specific gene expression. These
studies also indicated that p38 [ and p38 o have very distinct functions in neurons since p38
o is proapoptotic in PC12 cells. This work was published in the Journal of Biological
Chemistry (Appendix 2).

Akt up-regulates Bcl-2 expression through CREB. To determine potential anti-apoptotic

genes that are regulated by IGF-I via CREB in PC12 cells, we examined the role of Akt on
Bcl-2 expression in PC12 cells. A series of transient transfections using a luciferase reporter
gene driven by the promoter region of Bcl-2 containing a CRE were carried out.
Pharmacological inhibition of phosphatidylinositol (PI) 3-kinase, the upstream kinase of Akt,
with LY294002 led to a 45% decrease in Bcl-2 promoter activity. The reporter activity was
enhanced 2.3-fold by overexpression of active p110 subunit of PI 3-kinase and inhibited 44%
by the dominant negative p85 subunit of PI 3-kinase. Cotransfection with 3-
phosphoinositide-dependent kinase (PDK1), which is required for the full activation of Akt,
resulted in enhanced luciferase activity. Insulin-like growth factor I mediated induction of
the bcl-2 promoter activity was decreased significantly by the dominate negative forms of
p85 subunit of PI-3 kinase, PDK1, and Akt. These data indicate that the regulation of Bcl-2
expression by IGF-I involves a signaling cascade mediated by PI 3-kinase/PDK1/Akt/CREB.
Furthermore, we measured the Bcl-2 mRNA in PC12 cells overexpressing Akt by real-time
quantitative reverse transcription PCR using the TagMan fluorogenic probe system. We
observed a 2.1-fold increase in Bcl-2 mRNA levels in the Akt cell line compared with control
PC12 cells, supporting the observation that enhanced CREB activity by Akt signaling leads
to increased Bcl-2 promoter activity and cell survival. These results were published in the

Journal of Biological Chemistry (Appendix 3).
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d) Growth arrest-specific gene 6 (Gas6)/adhesion related kinase (Ark) signaling promotes

oonadotropin-releasing hormone neuronal survival via ERK and Akt. In collaboration with

Dr. Maggie Wierman’s laboratory, we identified Ark, the mouse homolog of the receptor
tyrosine kinase Axl (Ufo, Tyro7), in a screen for novel factors involved in GnRH neuronal
migration and survival by using differential-display PCR on cell lines derived at two
windows during GnRH neuronal development. Ark is expressed in Gn10 GnRH cells,
developed from a tumor in the olfactory area when GnRH neurons are migrating, but not in
GT1-7 cells, derived form a tumor in the forebrain when GnRH neurons are postmigratory.
Since Ark (Ax]) signaling protects from programmed cell death in fibroblasts, we
hypothesized that it may play an antiapoptotic role in GnRH neurons. Gnl10 (Ark positive)
GnRH cells were more resistant to serum withdrawal-induced apoptosis than Gt1-7 (Ark
negative) cells, and this effect was augmented with the addition of Gas6, the Ark (AxI)
ligand. Gas6/Ark stimulated the extracellular signal-regulated kinase, ERK, and the serine-
threonine kinase, Akt, a downstream component of the phosphoinositide 3-kinase (P13-K)
pathway. To determine whether ERK or Akt activation is required for the antiapoptotic
effects of Gas6/Ark in GnRH neurons, cells were serum starved in the absence or presence of
Gas6, with or without inhibitors of ERK and P13-K signaling cascades. Gas6 rescued Gn10
cells from apoptosis, and this effect was blocked by coincubation of the cells with the
mitogen-activated protein/ERK kinase (MEK) inhibitor, PD98059, or wortmannin (but not
rapamycin). These data support an important role for Gas6/Ark signaling via the ERK and
P13-K (via Akt) pathways in the protection of GnRH neurons from programmed cell death

across neuronal migration. (Molecular Endocrinology 13:191-201, 1999, Appendix 4).

The transcription factors MEF2-A and -D regulate survival of rat cerebellar neurons. MEF2

transcription factors have been shown to regulate the development of skeletal, cardiac, and
smooth muscle. MEF2 factors are present in the brain, but less in known about their function
in nervous tissue. The MEF2 factors, MEF2-A,-B, -C, and-D, bind to DNA as homo- or
hetero- dimers to regulate gene expression. In recent and ongoing studies, we have shown
that all four MEF2s are present in rat cerebellar granule neurons, and MEF2D was the
prominent species. Gel shift mobility assays (EMSA) indicated that MEF2D and MEF2A
were the major MEF2s bound to DNA in healthy neurons. When neurons were induced to

undergo apoptosis by lowering extracellular potassium to SmM, MEF2D and MEF2A were
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phosphorylated and a decrease in the MEF2/DNA binding complex was observed.
Transfection of neurons with a dominant-inactive mutant of MEF2A induced apoptosis,
whereas, the dominant-active MEF2 mutant blocked apoptosis. Thus, MEF2D and 2A are
critical factors for survival of cerebellar granule neurons. Ongoing studies are directed at
identifying the protein kinase that phosphorylates the MEF2s and defining the neuronal genes
that are regulated by MEF2s. (Appendix 5).

Task #2 The second task was to determine whether activation or inhibition of the v
neurotrophin- regulated kinases is necessary or sufficient to influence neuronal survival.

a) Inhibitors of p38 MAP kinase block apoptosis of dopamine neurons in vitro (Appendix 6).

The survival of dopaminergic neurons in embryonic rat ventral mesencephalic cultures is dependent
on the presence of trophic factors contained in serum and withdrawal of serum results in apoptosis.
This model system was used in the present studies to examine factors that rescue dopaminergic
neurons from apoptotic cell death. In each experiment, primary neurons from ventral

mesencephalon were grown in the presence of 5% human placental serum for 24 hours. At that

time, medium was replaced with identical medium or medium lacking serum in the presence or
absence of increasing concentrations of the p38 MAP kinase inhibitors PD169316, SB203580, and
SB202190. Twenty hours after the media change, the cultures were fixed and stained with
antibodies against tyrosine hydroxylase (TH) to identify surviving dopamine neurons. In control
cultures fed with medium containing serum, there were 856 + 30 surviving TH" neurons/cm’.
Serum withdrawal (20hr) reduced the number of surviving TH" neurons/cm? to 283 +32. All of the
pyridinyl imidazole compounds, when added at the time of serum withdrawal, improved the
survival of TH' neurons at concentrations shown to be effective in blocking p38 MAP kinase
activity. The survival effects of SB203580 and SB202190 reached their maximum at 1uM nearly
doubling the number of surviving TH' neurons. Application of SB203580 and SB202190 resulted
in survival of 523 + 34 and 537 + 37 TH' neurons/cm?, respectively. The highest dose (10 uM) of
the SB compounds did not further improve survival of dopamine neurons and at concentrations
higher than 10uM the compounds became toxic. In contrast, 10 uM PD169316 protected all of the
TH" neurons, supporting the survival of 857 +39 TH" neurons/cm’. These experiment revealed

that, in respect to neurotrophic support, PD169316 has a unique ability to act as serum replacement.




Heidenreich, KA

The morphology of TH' neurons grown in the absence and presence of serum was also
examined. Twenty hours after the media change, dopamine neurons cultured in medium containing
serum, in the absence or presence of PD169316 (10 uM), appeared healthy and contained long
neurites and highly ramified growth cones. In contrast, dopamine neurons from which serum was
withdrawn were fewer in number, had truncated neurites and lacked growth cones.
Supplementation of the serum-withdrawn cultures with 10 uM PD169316 rescued the TH' neurons
and their morphology was indistinguishable from that of the serum-fed neurons.

To determine if PD169316 exerted its survival effects on dopamine neurons by reducing the
rate of apoptosis, we co-stained rat ventral mesencephalic cultures with TH antibodies to identify

surviving dopamine neurons and Hoechst 33258 dye to examine nuclear morphology. Apoptotic

dopamine neurons were defined as TH' cells that contained one or more lobes of condensed nuclear
chromatin. In the presence of serum, greater than 90% of TH" neurons (FITC-positive) showed
normal nuclear morphology with the chromatin (stained blue) uniformly distributed throughout the
nucleus. The apoptotic dopamine neurons showed marked nuclear condensation and had
degenerating neurites. Maintenance of the cell membrane integrity in the apoptotic dopamine
neurons, another characteristic of apoptosis, was evidenced by retention of TH enzyme within the
apoptotic bodies. Removal of serum increased the number of adherent apoptotic cells by over 3-
fold. PD169316 reduced the rate of apoptosis of dopamine neurons to control levels and SB203580
partially reduced the amount of apoptosis seen after serum withdrawal.

b) Inhibitors of p38 MAP kinase increase the survival of transplanted dopamine neurons. Fetal
cell transplantation therapies are being developed for the treatment of a number of
neurodegenerative disorders including Parkinson’s disease. Massive apoptotic cell death is a major

limiting factor for the success of neurotransplantation. Having demonstrated that p38 MAP kinase

inhibitor are effective in blocking apoptosis of dopamine neurons in vifro, we examined whether
they could block apoptosis of dopamine neurons after transplantation. We discovered that inhibitors
of p38 MAP kinase (the pyridinyl imidazole compounds: PD169316, SB203580, and SB202190)
improve survival of rat dopamine neurons after transplantation into hemiparkinsonian rats. In the
hemiparkinsonian rat, preincubation of ventral mesencephalic tissue with PD169316 prior to
transplantation accelerated behavioral recovery and doubled the survival of transplanted dopamine
neurons (details are provided in Appendix 6, a manuscript in press, Brain Research). We conclude

that inhibitors of stress-activated protein kinases may improve the outcome of cell transplantation
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by preventing apoptosis of neurons after grafting. These inhibitors offer advantages over other
approaches to block neuronal apoptosis because they are small organic molecules that are orally

active and cross the blood-brain barrier.

¢) IGF-I and bFGF improve dopamine neuron survival and behavioral outcome in Parkinsonian
rats receiving cultured human fetal tissue strands

In collaboration with Dr. Curt Freed, we investigated the effects of growth factors on survival of
human dopamine neurons transplanted into Parkinsonian rats. To promote dopamine cell
survival in human fetal tissue strands transplanted into immunosuppressed 6-OHDA lesioned
rats, we preincubated tissue in insulin-like growth factor-I (IGF-I, 150 ng/ml) and basic
fibroblast growth factor (bFGF, 15 ng/ml) in vitro for two weeks. Growth factor treatment did
not affect the rate of homovanillic acid production in vitro but increased overall dopamine
neuron survival in animals after transplant from 1240 + 250 to 2380 + 440 neurons (p<0.05).
Animals in the growth factor-treated group had a significantly greater reduction in
methamphetamine-induced rotation (66%) compared to control transplants (30%, p<0.05). We
conclude that in vitro preincubation of human fetal tissue strands with IGF-I and bFGF improves
dopamine cell survival and the behavioral outcome of transplants (additional details are provided

in Appendix 7).

Key Research Accomplishments

Our key research accomplishments lie in 2 areas. One is defining molecular mechanisms that
regulate neuronal survival and death. These studies require the use of tissue culture model
systems such as primary cultures of rat cerebellar neurons or rat ventral mesencephalic neurons,
and cultured differentiated PC12 cells. Using these model systems, we have identified new
cellular protein kinase pathways that suppress and activate neuronal apoptosis, and are in the
process of identifying the transcription factors and genes regulated by these protein kinase
pathways. We predict that targeted delivery of specific protein kinase inhibitors and/or targeted
expression of various transcription factors or genes will prove to be effective therapies for
preventing neuronal cell death in the future. The other exciting area of accomplishment has been
to link our in vitro findings with translational research. We have shown that treatment of
dopamine neurons with either growth factors or inhibitors of p38 MAP kinase increases the

survival of transplanted dopamine neurons. The advantages that the p38 MAP kinase inhibitors

10
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(pyridinyl compounds) have over growth factors and caspase inhibitors for preventing apoptosis
include their small size, organic nature, and ability to cross the blood-brain barrier. These
characteristics make the pyridinyl imidazole compounds promising candidate drugs for

improving survival of dopamine neurons following transplantation into Parkinson’s patients.

Reportable Outcomes

Manuscripts

Pugazhenthi S, T Boras, MK Meintzer, KA Heidenreich, JE-B Reusch: Insulin-like growth
factor I-mediated phosphorylation and activation of CREB in PC12 cells. Multiple signaling
pathways are involved. J Biol Chem 274: 2829-2837, 1999.

Allen MP, C Zeng, K Schneider, MK Meintzer, C Basilico, B Varnum, KA Heidenreich, ME
Wierman. Growth arrest specific gene (Gas 6)/adhesion related kinase (ARK) signaling promotes
gonadotropin releasing hormone (GnRH) neuronal survival via ERK and Akt. Mol.
Endocrinology 13: 191-201, 1999.

Pugazhenthi S, E Miller, C Sable, P Young, KA Heidenreich, LM Boxer, J E-B Reusch. Insulin-
like growth factor-I induces bel-2 promoter through the transcription factor cAMP response
element binding protein. J. Biol. Chem. 274: 27529-27535, 1999.

Zawada WM, MK Meintzer, C Sable, CR Freed, and KA Heidenreich. Inhibitors of p38 MAP
kinase improve survival of dopamine neurons both in culture and after neurotransplantation in
parkinsonian rats. (in press, Brain Res.)

Pugazhenthi S, A Nesterova, C Sable, KA Heidenreich, LM Boxer, LE Heasley, J E-B Reusch.
Akt/ Protein kinase B mediated cell survival involves transcriptional upregulation of bel-2 ( J.
Biol. Chem. 275: 10761-10766, 2000.

Li MT, X Wang, MK Meintzer, and KA Heidenreich. CAMP protects neurons from apoptosis
by inhibiting GSK-3B activity in rat cerebellar granule neurons (in press, Mol. Cell Biol.).

Clarkson, ED, WM Zawada, KP Bell, JE Esplen, PK Choi, KA Heidenreich, and CR Freed.
IGF-I and bFGF improve dopamine neuron survival and behavioral outcome in parkinsonian rats
receiving cultured human feat tissue strands. (in press, Exp. Neurology).

Abstracts

Sable CL, MK Meintzer, KA Heidenreich: Regulation of apoptosis in rat cerebellar granule
neurons. The Endocrine Society 1999.

Pugazhenthi S, E Miller, C Sable, KA Heidenreich, L Boxer, ] E-B Reusch: Induction of the
Bcl-2 promoter by p38 § MAPK-mediated signaling pathway. The Endocrine Society 1999.
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Zawada WM, MK Meintzer, C Sable, CR Freed, and KA Heidenreich. Pyridinyl imidazole
compounds rescue dopaminergic neurons from apoptotic cell death. Soc. Neuroscience 1999.

Wierman ME, MP Allen, Z Fang, M Xu, C Zeng, KA Heidenreich, and S Tobet. Factors
Regulating GnRH neurons. Invited speaker symposium, The Endocrine Society 2000

Zawada, WM, MK Meintzer, P Rao, ] Marotti, X Wang, JE Esplen, ED Clark, CR Freed, and
KA Heidenreich. Inhibitors of p38 MAP kinase increase survival of transplanted dopamine
neurons. Soc. Neuroscience 2000.

Li, M, MP Allen, T Laessig, X Wang, ME Wierman, and KA Heidenreich. Myocyte enhancer
factor-2 (MEF2) —A and -D regulate survival of rat cerebellar granule neurons. Soc.
Neuroscience 2000.

Invited talks

1999 Neuroscience Program, UCHSC, Denver, CO

1999 Plenary talk, American Federation for Medical Research, Carmel, CA

2000 Neuroscience Program, UCHSC, Denver, CO

2000 Division of Endocrinology, UCHSC, Denver, CO

2000 Program of Molecular and Cellular Pathology, University of Alabama, GA

2000 Joslin Diabetes Center and Harvard Medical School, Signaling mechanisms that
regulate neuronal survival, Boston, MA

2000 Michael J. Fox Foundation for Parkinson’s Research, Public Policy Forum,
Washington, D.C.

2000 Danish Society for Neuroscience and Danish Society for Biochemistry and

Molecular Biology, Symposium on Molecular Mechanisms in Neuronal
Degeneration, Copenhagen, Denmark

Conclusions

The scope of research over the last year has been to carry out Task#1 and Task#2 of our research
proposal. Towards this goal, we have identified a number protein kinase cascades and some of
the effectors that regulate neuronal survival. In cultured rat cerebellar granule neurons, a good
model for studying apoptosis in primary differentiated neurons, we have studied various aspects
of 3 different pathways that regulate neuronal survival, a neurotrophic factor —regulated protein
kinase pathway involving PI-3 kinase and Akt, a PKA pathway regulating GSK-3 B activity, and
a Ca++ sensitive pathway regulating the activity of a family of transcription factors that signal
survival. The major contribution of these studies is the discovery of a unique PKA pathway that

inhibits apoptosis by a mechanism that does not require the Akt protein kinase. Another

12
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important finding from these studies is the demonstration that multiple anti-apoptotic kinase
pathways converge at the level of GSK-3 B to inhibit its activity. Identifying the proapoptotic
effectors of GSK-3P is an important study for the future. Also, the discovery that the MEF2
transcription fators regulate neuronal survival is important for identifying genes that promote
neuronal survival. Experiments are planned to continue studying the regulation of MEF2s in
neurons and identify the genes that are transcriptionally modified by this family of transcription
factors. In differentiated PC12 cells , another common model system for studying neuronal
apoptosis, we’ve discovered in collaboration with Dr. Jane Reusch that IGF-I regulates CREB
phosphorylation and transcriptional activity which, in turn, regulates the levels of Bcl-2 in PC12
cells. Thus, at least part of the antiapoptotic effects of IGF-I is mediated by upregulation of the
antiapoptotic protein Bel-2. Bcl-2 plays a role in inhibiting caspase activation and subsequent
proteolysis of vital cellular substrates. We would like to repeat these experiments in primary rat
cerebellar granule neurons to establish the generality of this mechanism. Finally, as indicated in
the Key Accomplishments, we have been able to translate some of findings from our in vitro
studies to more clinically relavent research. We have shown that treatment of dopamine neurons
with either growth factors or inhibitors of p38 MAP kinase increases the survival of transplanted
dopamine neurons. Although other laboratories have shown that inhibitors of apoptosis ( i.e.
peptide caspase inhibitors) improve transplantation, the practicality of using peptide inhibitors
clinically is hampered by their poor entry into brain. The advantages that the p38 MAP kinase
inhibitors (pyridinyl compounds) have over growth factors and caspase inhibitors for preventing
apoptosis include their small size, organic nature, and ability to cross the blood-brain barrier.
These characteristics make the pyridinyl imidazole compounds promising candidate drugs for

improving survival of dopamine neurons following transplantation into Parkinson’s patients.

References

1. Dudek, H., Datta, S. R., Franke, T. F., Birnbaum, M. J., Yao, R., Cooper, G. M., Segal, R. A.,
Kaplan, D. R., and M. E. Greenberg. 1997. Regulation of neuronal survival by the serine-
threonine protein kinase Akt. Science 275:661-665.

2. Fruman, D. A., Meyers, R. E., and C. C. Cantley. 1998. Phosphoinositide kinases. Annual Rev.
Biochem. 67:481-507.

13




L4

¢

Heidenreich, KA

10.

11.

12.

13.

14.

Franke, T. F., Yang, S., Chan, T. O., Datta, K., Kazlauskas, A., Morrison, D. K., Kaplan, D.
R., and P. N. Tsichlis. 1995. The protein kinase encoded by the Akt proto-oncogene is a target of
the PDGF-activated phosphatidylinosital 3-kinase. Cell 81:727-736.

Burgering, B. M. T., and P. J. Coffer. 1995. Protein kinase B (cAkt) in phosphatidylinositol-3-
OH kinase signal transduction. Nature 376:599-602.

Jones, P. F., Jakubowicz, T., Pitossi, F. J., Maurer, F., and B. A. Hemmings. 1991. Molecular
cloning and identification of a serine threonine protein kinase of the second-messenger subfamily.
Proc. Natl. Acad. Sci. USA. 88:4171-4175.

Downward, J. 1998. Mechanisms and consequences of activation of protein kinase B/Akt. Curr.
Opin. Cell. Biol. 10:262-267.

Woodgett, J. R. 1991. A common denominator linking glycogen metabolism, nuclear oncogenes
and development. TIBS. 16:177-181.

Woodgett, J.R., Plyte, S.E., Pulverer, B.J., Mitchell, J.A., and K. Hughes. 1993. Roles of
glycogen synthase kinase-3 in signal transduction. Biochem Soc Trans. 21:905-7

Welsh, G. 1., Wilson, C., and C. G. Proud. 1996. GSK3: a SHAGGY frog story. Trends in Cell
Biol. 6: 274-279.

Cross, D. A. E., Alessi, D. R., Cohen, P., Andjelkovich, M., and B. A. Hemmings. 1995.
Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature 378:785-
789.

Welsh, G. 1., and C. G. Proud. 1993. Glycogen synthase kinase-3 is rapidly inactivated in
response to insulin and phosphorylates eukaryotic initiation factor elF-2B. Biochem. J 294:625-
629.

Hong, M., and V. M.-Y. Lee. 1997. Insulin and insulin-like growth factor-1 regulate tau
phosphorylation in cultured human neurons. J. Biol. Chem. 272:19547-19553.

Foil, C. J., Williams, J. S., Chou, C.-H., Wang, Q. M., Roach, P. J., and O. M. Andrisani.
1994. A secondary phosphorylation of CREB**! at Ser'? is required for the cAMP-mediated
control of gene expression. J. Biol. Chem. 269:32187-32193.

Plyte, S. E., Hughes, K., Nikolakaki, E., Pulverer, B. J., and J. R. Woodgett. 1992. Glycogen
synthase kinase-3: functions in oncogenesis and development. Biochim. Biophys. Acta 1114:147-
162.

14




Heidenreich, KA

15. Boyle, W. J., Smeal, T., Defize, L. H., Angel, P., Woodgett, J. R., Karin, M., and T. Hunter.
1991. Activation of protein kinase C decreases phosphorylation of c-Jun at sites that negatively
regulate its DNA-binding activity. Cell 64:573-584.

16. Seeling, J. M., Miller, J. R., Gil, R., Moon, R. T., White, R., and D. M. Virshup. 1999.
Regulation of beta-catenin signaling by the B56 subunit of protein phosphatase 2A. Science
283:2089-2091.

17. Harwood, A. J., Plyte, S. E., Woodgett, J., Strutt, H., and R. R. Kay. 1995. Glycogen synthase
kinase 3 regulates cell fate in dictyostelium. Cell 80:139-148.

18. Dominguez, L., Itoh, K., and S. Y. Sokol. 1995. Role of glycogen synthase kinase 3 B as a
negative regulator of dorsoventral axis formation in Xenopus embryos. Proc. Natl. Acad . Sci.
USA 92:8498-8502.

19. Itoh, K., Tang, T. L., Neel, B. G., and S. Y. Sokol. 1995. Specific modulation of
ectodermal cell fates in Xenopus embryos by glycogen synthase kinase. Development
121:3979

Appendices: 6 MANUSCRIPTS attached
4 ABSTRACTS attached

15




S e,)
Mo 3,
ofeide, 2nd

Cellitan Brotos,
\/a,(? 2006

| Appendix 1

/_/’; press

Cyclic AMP promotes neuronal survival by phosphorylation of

glycogen synthase kinase-3 3

Mingtao Li, Xiaomin Wang, Mary Kay Meintzer, Tracey Laessig, Morris J. Birnbaum € and
Kim A. Heidenreich*

Department of Pharmacology, University of Colorado Health Sciences Center, and the Denver
Veterans Affairs Medical Center, Denver, CO 80262 and the Howard Hughes Medical Institute,
University of Pennsylvania, Philadelphia, PA®

*Corresponding Author. Mailing address: Denver VAMC, 1055 Clermont Street, Denver, CO,
80220, Phone: 303-399-8020 (3891), Fax: 303-393-5271, E-mail: kim.heidenreich@uchsc.edu




ABSTRACT

Agents that elevate intracellular cyclic AMP (cAMP) promote neuronal survival in a manner
independent of neurotrophic factors. Inhibitors of phosphatidylinositol (PI) 3-kinase and
dominant-inactive mutants of the protein kinase Akt do not block the survival effects of cAMP
suggesting that another signaling pathway is involved. In this report, we demonstrate that
elevation of intracellular cAMP in rat cerebellar granule neurons leads to phosphorylation and
inhibition of GSK-3P. The increased phosphorylation of GSK-3p by PKA occurs at serine 9, the
same site phosphorylated by Akt. Purified PKA is able to phosphorylate recombinant GSK-3f
in vitro. Inhibitors of GSK-3 block apoptosis in these neurons and transfection of neurons with a
GSK-3 B mutant that cannot be phosphorylated interferes with the pro-survival effects of cAMP.
These data suggest that activated PKA directly phosphorylates GSK-3 B and inhibits its

apoptotic activity in neurons.
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INTRODUCTION

Neurons require continuous exposure to extracellular trophic factors for survival and those that
fail to receive sufficient trophic factor support undergo apoptotic cell death (1). Among the
extracellular factors shown to influence neuronal survival are the neurotrophins which include
nerve growth factor, brain-derived neurotrophic factor, neurotrophin 3, and neurotrophin 4, the
fibroblast growth factors, ciliary growth factor, insulin, and insulin-like growth factors (2,3).
Agents that elevate intracellular cyclic AMP (cAMP) also promote neuronal survival in a manner
independent of neurotrophic factors (4,5). Substantial progress has been made over the last
several years in delineating signal transduction pathways that mediate trophic factor-induced cell

survival. Less is known about the survival pathways activated by cAMP in neurons.

Recent reports have established a key role for phosphatidylinositol (PI) 3-kinase in regulating
trophic factor-dependent survival of neurons (6-7). The Akt protein kinase (also termed protein
kinase B and Rac) has been implicated as the transducer of PI 3-kinase dependent survival
signals generated by serum and certain growth factors (8-10). Inresponse to PI 3-kinase
activation, Akt binds to phosphorylated membrane lipids via its pleckstrin homology domain and
is phosphorylated at threonine 308 and serine 473 (11). Phosphorylation of Akt at these two
sites leads to its activation and propagation of an anti-apoptotic signal. Several downstream
targets of Akt implicated in cell survival include the Bcl-2 family member BAD (12), caspase 9
(13), and FKHRL1, a member of the Forkhead family of transcription factors (14). Another Akt
substrate recently implicated in cell fate decisions is glycogen synthase kinase-3 (GSK-3).
Mammalian GSK-3 exists as two isoforms termed o (51 kDa) and P (47 kDa), each encoded by a
distinct gene (15-17). The GSK-3 isoforms share 85% homology at the amino acid level and are
ubiquitously expressed (15-17). Although GSK-3 was originally identified as a kinase that
phosphorylates glycogen synthase, subsequent studies have revealed that GSK-3 has a broader
role in the cell (15-18). It phosphorylates a number of substrates not involved in glycogen
metabolism including the initiation factor eIF2B (19), the microtubule-associated protein tau
(20), and the transcription factors CREB (21), c-myc (22), c-jun (23), and B -catenin (24).
Recently, GSK-3 B was shown by complementation to be the mammalian homologue of the

shaggy gene from Drosophila melanogaster that regulates cell-fate decisions during axial




patterning and neurogenesis (17). GSK-3 B homologues in Dictyostelium (25) and Xenopus
(26,27) also appear to regulate cell fate in development. The role of GSK-3 B in mammalian
cell development is less clear, although recent evidence suggests that it may be a downstream
target of the P13-kinase/Akt anti-apoptotic signaling pathway. Overexpression of a dominant-
negative mutant of GSK-3  prevents apoptosis following inhibition of PI-3 kinase, whereas,

catalytically active GSK-3 [3 induces apoptosis of both rat-1 and PC12 cells (28).

One possible mechanism by which cAMP could promote survival is by activating the PI-3
kinase/Akt pathway. Indeed, agents that elevate intracellular cAMP stimulate the activity of Akt
when the enzyme is overexpressed in 292 cells (29,30). The activation of Akt by cAMP is
independent of PI-3 kinase activity, does not require the PH domain of Akt, and is dependent on
T308 phosphorylation but not S473 phosphorylation. In cerebellar granule neurons, inhibition
of PI-3 kinase completely blocked the survival effects of IGF-I but had no effect on cAMP-
mediated survival (31). Likewise, in sympathetic ganglion neurons, expression of either a
dominant-negative PI-3 kinase or a dominant-negative Akt blocked survival mediated by
depolarization but not by cAMP (32). The inability of PI-3 kinase inhibitors or dominant-
negative Akt mutants to block the pro-survival effects of cAMP in both neuronal types suggests
that cAMP promotes neuronal survival by another mechanism independent of PI-3 kinase/Akt
activation. In this report, we show that elevation of intracellular cAMP in rat cerebellar granule
neurons leads to phosphorylation and inhibition of GSK-3f independent of Akt activation. The
increased phosphorylation of GSK-33 by PKA occurs at serine 9, the same site phosphorylated
by Akt. Inhibitors of GSK-3 block apoptosis in these cells and transfection of neurons with a
GSK-3 mutant that cannot be phosphorylated interferes with the pro-survival effects of cAMP.

MATERIALS AND METHODS

Antibodies. The monoclonal anti-GSK-3 3 antibody was from Transduction Laboratories
(Lexington, KY). The polyclonal phosphorus-specific GSK-3f (Ser9) antibody was obtained
from Calbiochem (La Jolla, CA). The polyclonal phosphorus-specific antibodies for Akt (Ser
473 and Thr 308), p90 RSK(Ser381), GSK-30/ (Ser21/9), GSK-3 B (ser9)and MAPK
(Thr202/Tyr204), the polyclonal phospho-independent Akt antibody, the immobilized Akt




antibody, and ERK antibodies were from New England BioLabs (Beverly, MA). The polyclonal
anti-B-galactosidase (B-gal) antibody was purchased from 5°-3” Prime Inc.( Boulder, CO). Cy3-
conjugated goat antibody to rabbit [gG and fluoroscein-conjugated goat antibody to mouse IgG
were purchased from Chemicon International, Inc. (Temecula, CA). The monoclonal antibody
(clone 12CA5) against the HA epitope was obtained from Boehringer Mannheim (Indianopolis,
IN).

Materials. The PKA inhibitor H-89 dihydrochloride, the cell-permeable, myristoylated PKI
inhibitor, the cAMP-elevating agents forskolin and chlorophenylthiol (CPT)-cAMP, the PKC
inhibitor bisindolylmaleimide, the PI-3 kinase inhibitor wortmannin, and the MEK inhibitor
PD98059 were from Calbiochem (La Jolla, CA). The recombinant GSK-3o and GSK-3
proteins were from New England BioLabs. The PKA catalytic subunit purified from bovine
heart was from Promega. Valproic acid and lithium chloride were purchased from Sigma (St.
Louis, MO). Plasmid purification kits were from Qiagen (Valencia, CA) and calcium-phosphate
transfection kits were from Promega (Madison, WI). The Akt kinase assay kit was from New
England Biolabs (Beverly, MA). [y-32P]-ATP .(3 000 Ci/mmol) was purchased from Amersham
Pharmacia Biotechnology and L-pyruvate kinase was purchased from Sigma. The

phosphoglycogen synthase peptide-2 was obtained from Upstate Biotechnology.

Neuronal culture and induction of apoptosis. Rat cerebellar granule neurons were prepared
from 7-8-day-old Sprague-Dawley rat pups (15-19g) as described previously (33). Briefly,
neurons were dissociated from freshly dissected cerebella by mechanical disruption in the
presence of trypsin and DNase and were then plated on poly-L-lysine-coated Nunc culture plates
(Fisher, Pittsburgh, PA). Cells were seeded at a density of 2.0 x 10° cells/ml in basal modified
Eagle (BME) medium containing 10% fetal bovine serum, 25 mM KCl, 2 mM glutamine, and
penicillin (10 units/ml) -streptomycin (10 pg/ml). Cytosine arabinoside ( 10 uM) was added to
the culture medium 24 hr after plating to limit the growth of non-neuronal cells. Using this
protocol, 95-99 % of the cultured cells were granule neurons. After 7 or 8 days in culture,
apoptosis was induced by removing serum and reducing the extracellular potassium
concentration from 25mM to 5 mM. Neurons were rinsed two times in serum-free BME

containing 5 mM KCI and then maintained in the same medium in the presence or presence of




various drugs. Control cultures were treated identically, but were maintained in serum-free
medium supplemented with 25 mM KCl. When inhibitors were used for signaling assays, cells
were treated with the inhibitor 30 min before addition of the stimulus. Cells that did not receive
drugs received control vehicle (dimethyl sulfoxide for forskolin, H-89 dihydrochloride,
wortmannin, and PD98059; water for CPT-cAMP, valproic acid and lithium chloride). The final

concentration of dimethyl sulfoxide was less than 0.1%.

Immunoblotting assay. Cerebellar granule neurons were cultured on poly-L-lysine-coated 35
mm plates for 7 or 8 days. After stimulation with drugs (the times are indicated in the text),
neurons were lysed by adding SDS sample buffer (62.5 mM Tris-HCI [pH6.8], 2% [wt/vol] SDS,
10 % glycerol, 50 mM DTT, 0.1 % [wt/vol] bromphenol blue) and immediately scraped off the
plate. Samples were resolved by SDS-10% PAGE and transferred to Hybond-P membranes
(polyvinylidene difluoride, Amersham, Arlington Heights, IL). Membranes were incubated for
an hour in a blocking buffer containing 5% (wt/vol) non-fat dry milk in TBST (10 mM Tris-HCI,
140 mM NaCl [pH7.4], 0.1% Tween 20) and then incubated overnight at 4 °C with appropriate
primary antibody diluted (1:1000) in the TBST containing 5% BSA. The membranes were
washed 15 min in TBST and then incubated at room temperature for 60 min with horseradish
peroxidase (HRP)-conjugated anti-rabbit or anti-mouse antibody diluted 1:2000 in TBST
containing 5% non-fat dry milk. After washing extensively for 30 min in TBST, membranes
were processed for 1 min using the ECL chemiluminescent substrate kit (Amersham, Arlington
Heights, IL) and exposed to autoradiographic film (Kodak, Rochester, NY). Quantitation was

performed using the Biorad Quantity One software.

Calcium phosphate transfection of neurons.

Cerebellar granule neurons were transfected using a calcium phosphate co-precipitation method
(34). All plasmids were prepared and purified with Qiagen Plasmid Maxi Kit (Cat # 12163)
according to the manufacture’s instructions. Briefly, neurons were cultured for 5-6 day in 24-
well plates or 35 mm dishes. The DNA-calcium-phosphate precipitate was prepared by mixing
one volume of DNA in 250 mM CaClz with an equal volume of 2 x HBS (50mM Hepes, 280
mM NaCl, 1.5 mM Nay,HPOs, pH 7.1). Plasmids pcDNA3, pCMV5, pAkt (K179M), pcDNA3
GSK-3 B (wt), pcDNA3 GSK-3  (S9A) or pcDNA GSK-3f (KI) contained in the precipitate




were at a final concentration of 40 g /ml together with 8 ug /ml of an expression vector
encoding B-galactosidase (pCMYV lacZ) to allow detection of the transfected cells. The calcium
phosphate-DNA precipitate was incubated at room temperature for 30 min before addition to the
cultures. The conditioned culture media was removed and saved. The cultures were washed two
times with BME, and then 1.5 ml of transfection media (BME, no addition of glutamine and
antibiotics, 37°C, pH 7.4) was added to cultures, immediately followed by the addition of the
calcium phosphate-DNA precipitate. Plasmids were added to the transfection media at a final
concentration of 4-5 pg/ml. Plates were incubated (37°C, 5 % CO,) for 30 min and then the
transfection media was aspirated. After washing twice with fresh transfection media, the saved
conditioned media was added back to the cultures. Transfection efficiency was assessed by
determining the percentage of cells expressing B-galactosidase by X-gal staining or
immunostaining (24-48 h later). Glycerol or DMSO shock did not increase transfection
efficiency but did result in cell damage. Experimental treatments were initiated 24h after

transfection.

Immunostaining. Neurons were stained 2 days after transfection to identify cells expressing
the proteins encoded by the transgenes. Cultures were fixed in 4% paraformaldehyde in PBS for
20 min at room temperature and permeabilized with 0.1 % Triton X-100. The fixed cells were
incubated at room temperature for 15 min in 5 % goat serum in TBST (10 mM Tris-HCl, 140
mM NaCl [pH7.4], 0.1% Triton X-100) to block nonspecific interactions of the antibodies and
then incubated with the appropriate primary antibody diluted in 3% BSA in TBS overnight at 4°
C. After washing 3 times with TBST for 15 min, the cells were incubated at room temperature
for 60 min with Cy3- or fluoroscein-conjugated secondary antibodies in TBS containing 3%
BSA. Expression of B-galactosidase was detected by immunostaining with a polyclonal
antibody to B-galactosidase ( 1:500 dilution) followed by a Cy3-conjugated goat antibody to
rabbit IgG (1:500). Neurons transfected with the HA-epitope-tagged GSK-3[3 were
immunostained with monoclonal antibody to HA (1: 500) followed by a fluorescein-conjugated
goat antibody to mouse IgG (1:500). Stained cells were visualized by digital deconvolution
fluorescence microscopy to confirm that B-galactosidase was co-expressed with GSK-3f (wt),
GSK-3pB (S9A), GSK-3pB (KI). To visualize the nuclei of transfected neurons, we included the
DNA dye Hoechst 33258 (5.0 pg /ml) in the wash after the secondary antibody incubation.




In vitro phosphorylation of GSK-3 by PKA. The phosphorylation reaction was performed in
50 ul of kinase buffer (50 mM Tris [pH 7.2], 10 mM MgCl,, ImM dithiothreitol) containing 4
units of PKA catalytic subunit(bovine heart, Promega), 0.3 pg GSK-3p protein, and 100 uM
ATP. Reactions were carried out in the absence and presence of the PKA inhibitor H-89 (5 pM)
or PKI (2.5 uM). The phosphorylation reaction was allowed to proceed for 30 min at 30 °C and
stopped by adding 3 x SDS sample buffer. The phosphorylation of GSK-3f was measured by
Western blotting using GSK-3p (Ser9) antibody. In experiments where the Km and Vmax were
determined, 50 pM [Y-**P]JATP (5 pCi/nmol) was added to the kinase reaction. At the end of the
phosphorylation reactions, these samples were solubilized in Laemmli's sample buffer and
analyzed by SDS-polyacrylamide gel electrophoresis. Gels were dried and subjected to
autoradiography. The incorporation of phosphate into GSK-3 and 1-pyruvate kinase (a known
substrate of GSK-3) was determined by Cerenkov counting of excised SDS-polyacrylamide gel

slices.

Assay of GSK-3f3

After stimulation with the reagents indicated, neurons were washed with cold phosphate-buffered
saline and neuronal extracts were prepared in cell lysis buffer (20 mM Tris-HCI [pH7.4], 150
mM NaCl, I mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 5
mM B-glycerolphosphate, 1 mM NazVOy, 1 pg/ml leupeptin, 1 mM phenylmethylsulfonyl
fluoride, 1 uM microcystin) for 15 min at 4 °C. After sonicating briefly, the lysates were
clarified by centrifugation at 15,000 x g for 10 min at 4 °C and GSK-3f from 200 pg of cell
extract was immunoprecipitated with 1.0 pg of GSK-3p antibody for 2 h at 4 °C with rotation.
Protein G Plus/ protein A Agarose (20 pl of a 50% suspension) was then added, and the
incubation was continued for 1 h at 4 °C with rotation. Immune complexes were recovered by
centrifugation at 4 °C and washed three times with extraction buffer and twice with kinase
buffer. Kinase activity of the immunoprecipitated GSK-3 was assayed in a total volume of 40 pl
containing 25 mM sodium glycerophosphate, 20 mM Tris-HCI, pH 7.4, 10 mM MgCl,, 5 mM
dithiothreitol, 20 pM phosphoglycogen synthase peptide-2, and 50 pM [¥-**P]ATP (1 pCi). After

10 min of incubation at 30 °C, reaction mixtures were centrifuged for 1 min, and 20 pl of the




supernatant was spotted onto Whatman P81 phosphocellulose paper. Filters were washed in four
changes of 175 mM phosphoric acid for a total of 20 min, rinsed in acetone, dried, and the
radioactivity was determined by Cerenkov counting. Background values obtained from reactions

lacking cell lysate were subtracted from all values.

In vitro Akt kinase assay. After stimulation with the reagents indicated, neuronal extracts
were prepared by solubilizing the neurons in cell lysis buffer (20 mM Tris-HCl [pH7.4], 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 5 mM j-
glycerolphosphate, 1 mM Na;VOs, 1 pg/ml leupeptin, | mM phenylmethylsulfonyl fluoride, 1
UM microcystin) for 15 min at 4 °C. After sonicating briefly, the lysates were clarified by
centrifugation at 15,000 X g for 10 min at 4 °C and Akt from 200 ul cell extract was
immunoprecipitated with 20 ul of immobilized Akt antibody crosslinked to agarose hydrazide
beads. After washing the beads three times with cell lysis buffer and three times with kinase
buffer (25 mM Tris-HCI, 10 mM MgCl,, 1 mM dithiothreitol, pH 7.4), kinase activity was
assayed with GSK-3a. fusion protein as a substrate (1ug) in kinase buffer containing 100 uM
ATP and 2.5 pM PKI. The phosphorylation reaction was allowed to proceed for 30 min at 30 °C
and stopped by adding 3 x SDS sample buffer. Phosphorylation of GSK-30; was measured by
Western blotting using phospho-GSK-3a/B(Ser21/9) antibody.

Quantitation of Apoptosis by Nuclear Morphological Changes. Cerebellar granule neurons
were cultured in 35-mm culture dishes and 24-wells plates as described above. After removal of
the medium, the neurons were rinsed once with cold PBS, pH7.2, fixed for 10 min with 4%
paraformaldehyde in PBS at 4 °C, washed with distilled water, and dried at room temperature.
Cells were stained with Hoechst 33258 (5 ug/ml) for 5 min, washed, and dried. Apoptosis was
quantified by scoring the percentage of cells in the adherent cell population with condensed or
fragmented nuclei. To obtain unbiased counting, cells were scored blind without knowledge of

their prior treatment.




RESULTS
Forskolin and cpt-cAMP stimulate GSK-3 B_phosphorylation.

Cultures of newborn rat cerebellar granule neurons, the interneurons of the cerebellum, provide a
good model for investigating signaling pathways that regulate neuronal apoptosis because of the
high degree of cellular homogeneity. These neurons survive and differentiate in vitro in the
presence of serum and depolarizing concentrations of KCI (25 mM). If the medium is changed
to serum-free medium containing 5 mM KCl, the neurons undergo apoptotic cell death.
Previous studies have shown that apoptosis of cerebellar granule neurons is inhibited by a variety
of molecules which raise cAMP (31, 36-38). To investigate the potential role of GSK-3f in
mediating the protective effects of cAMP, we examined whether agents that elevate cAMP
regulate the phosphorylation state of GSK-3f. After 7 days in culture, rat cerebellar granule
neurons were incubated in serum-free medium containing 5 mM KClI for 4 hr and then incubated
with forskolin (10 pM), an activator of adenylate cyclase, to elevate intracellular cAMP. The
neurons were then solubilized and the phosphorylation state of GSK-3 B was measured by
Western blotting using phospho-specific GSK-3 B (Ser9) antibodies. Forskolin rapidly increased
the phosphorylation of GSK-3 B (47 kDa) on serine 9 (Fig. 1A). The extent of GSK-3 f3
phosphorylation by forskolin was similar to that obtained with a maximal concentration of IGF-I
(50 ng/ml). The phosphorylation of GSK-3 B by forskolin was completely blocked when
neurons were preincubated for 30 min with the cell-permeable myristoylated PKI inhibitor (25
uM) and with H89 (10 uM), a selective inhibitor of PKA (Fig. 1B and 1C). Preincubation of
neurons with PD98059, a MEK kinase inhibitor that blocks the ERK pathway, had no significant
effect on the phosphorylation of GSK-3 B by forskolin. The ability of forskolin to stimulate
phosphorylation of GSK-3 B was mimicked by incubating the neurons with a cell permeable
cAMP analog (cpt-cAMP) (Fig.1C). As seen with forskolin, the phosphorylation of GSK-3 B by
cpt-cAMP was blocked by the PKI inhibitor and H89 but not by PD98059 (Fig. 1C).
Phosphorylation of GSK-3 B at serine 9 is known to inhibit enzyme activity. To confirm
this, in vitro kinase assays were carried out following immunoprecipitation of GSK-3f3 using

phosphoglgogen synthase peptide 2 as the substrate (Fig. 1D). Treatment of neurons with
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forskolin lead to about a 50 % decrease in GSK-3p activity, similar to the decrease in activity
~ observed with IGF-I. The cell-permeable PKI inhibitor and H89 blocked the forskolin-induced
decrease in GSK-3 B activity.

The phosphorylation of GSK-3 _by forskolin is not mediated by the ERK pathway.
The inability of the MEK inhibitor PD98059 to block phosphorylation of GSK-3 f by forskolin

suggested that the ERK pathway was not involved in the phosphorylation event. However,
cAMP has been previously shown to activate the ERK pathway (39) and recent data has
indicated that RSK can directly phosphorylate GSK-3 B (40). To examine the potential
relationship between activation of the ERK pathway and phosphorylation of GSK-3 B by
forskolin, we first determined whether forskolin activates the ERK pathway in RCG neurons.
Incubation of neurons with forskolin (10 pM) for 30 min lead to increased phosphorylation of
ERK on threonine 202 and tyrosine 204 (Fig, 2, top panel) and RSK on serine 381 (Fig. 2,
middle panel). The phosphorylation of ERK and RSK by forskolin was completely inhibited by
the MEK inhibitor PD98059 (Fig. 2A, top and middle panels). However, although PD98059
completely blocked the activation of ERK and RSK by forskolin it had no effect on the
phosphorylation of GSK-3 by forskolin (Fig. 2, bottom panel). As expected, H89 inhibited the
phosphorylation of ERK and GSK-3p by forskolin. Thus, although the activation of PKA
stimulates the ERK pathway in neurons, this pathway does not lead to GSK-3 phosphorylation

in cerebellar granule neurons.

The phosphorylation of GSK-3 B by forskolin is not mediated by the Akt pathway.

To investigate the potential role of the Akt pathway in the regulation of GSK-3f by forskolin, we
examined whether forskolin could activate Akt in the cerebellar granule neurons. Neurons were
incubated with forskolin and the phosphorylation state of Akt was determined using phospho-
specific (ser473) antibodies (Fig.3A). Forskolin had no effect on Akt phosphorylation at site
serine 473. In constrast, IGF-I (50 ng/ml) stimulated Akt phosphorylation at this site and the
increased phosphorylation of Akt by IGF-I was blocked by wortmannin. Similar results were
obtained when phospho-specific (ser 308) antibodies were used (Fig.3A) indicating that forskolin
was unable to phosphorylate Akt at the 2 critical residues that activate the kinase. The activity of

Akt was directly measured after immunoprecipitation with phosphorylation-independent Akt
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antibodies using a GSK-3 o fusion protein as the substrate. Phosphorylation of GSK-3o was
then detected by Western blotting using phospho-specific GSK-3 o /B(ser21/9) antibodies (Fig.
2B). Consistent with the data obtained with phospho-specific Akt antibodies, forskolin had no
effect on Akt activity. However, in the control samples, IGF-I markedly increased the activity of
Akt.

Additional experiments were done to examine whether a dominant-inactive Akt
construct, pAkt (K179M), could block the protective effects of cAMP on cell survival (Fig. 3C).
As previously reported, dominant-inactive Akt had no effect on the ability of forskolin or cpt-
cAMP to protect rat cerebellar granule neurons from apoptosis induced by lowering extracellular
potassium. On the other hand, dominant-inactive Akt significantly blocked the ability of IGF-I

to protect these neurons from the same apoptotic stimulus.

Purified PKA can phosphorvlate GSK-3[ in vitro.

Since forskolin did not appear to phosphorylate GSK-3f through the protein kinases known to
directly phosphorylate GSK-3, we questioned whether PKA itself could directly phosphorylate
GSK-3B. To address this question, an in vitro kinase assay was performed using purified PKA
and recombinant GSK-3 B. Phosphorylation of GSK-3 3 and was detected by Western blotting
with phospho-specific antibodies (Fig.4). In the presence of ATP, purified PKA catalytic subunit
phosphorylated GSK-3 B. The site phosphorylated by PKA in GSK-3 B (ser 9) resides in the
PKB (or Akt) consensus site. These data suggest that the PKB consensus site in GSK-3 f3
(RTTSF) is similar enough to the PKA consensus site (RRXSF) for PKA phosphorylation.

There was no detectable phosphorylation in the absence of purified PKA. The H89 PKA
inhibitor and the PKI inhibitor significantly blocked the in vitro phosphorylation of recombinant
GSK-3 B. Assays were carried out to determine the Km and Vmax for human recombinant
GSK-3f and a known substrate, -pyruvate kinase. The Km and Vmax values for GSK-3f and I-
pyruvate kinase were 7.24 pM and 7.23 pM/min/mg protein and 19.18 uM and 30.48
uM/min/mg protein, respectively. These values were determined by non-linear regression
analysis of data plotted by Michealis-Menton. The relatively low Km for the in vitro
phosphorylation of GSK-3 B raise the possibility that PKA directly phosphorylates GSK-3(3 in
vivo. To date, we have been unable to demonstrate direct interaction of PKA and GSK-3f in

neurons by co-immunoprecipitation (data not shown). This implies that the interaction between
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PKA and GSK-38 is not strong enough to detect by immunoprecipitation or that they do not
interact in vivo because there is another kinase downstream of PKA that directly phosphorylates

GSK-3 B.

Inhibitors of GSK-3 B protect neurons from apoptosis.

To determine the role of GSK-3 B in the neuroprotective effects of cAMP we first examined the
effects of various inhibitors of GSK-3[ on apoptosis in rat cerebellar granule neurons. In
agreement with previous studies, forskolin and cpt-cAMP markedly inhibited apoptosis induced
by withdrawal of serum and lowering of KCl (Fig. 5). If cells are preincubated with a PKA
inhibitor H89 prior to the addition of forskolin or cpt-cAMP, the protective effects are blocked.
Consistent with results demonstrating that the ERK pathway does not mediate the
phosphorylation of GSK-3 B by forskolin or cpt-cAMP, the MEK inhibitor PD98059 did not
influence the ability of forskolin and cpt-cAMP to protect neurons from apoptosis. Lithium and
valproate, two direct inhibitors of GSK-3f (41,42), blocked apoptosis to the same extent as
forskolin and cpt-cAMP. These data suggest that GSK-3 3 mediates the apoptotic effects
induced by serum withdrawal and that inhibition of GSK-3 B by phosphorylation protects

neurons from apoptosis.

Transfection of cerebellar granule neurons with WT-GSK-3, kinase-inactiveGSK-3 8 mutant,

and ser9-ala-9GSK-38 _mutant.

To confirm results from the inhibitor studies described above, neurons were transfected with
GSK-3 B plasmids to determine whether a kinase-dead mutant of GSK-3 3 would block
apoptosis induced in this model system. Transfections were also carried out with wild-type
GSK-3 B and a mutant of GSK-3f that cannot be phosphorylated on serine 9 position. In all of
the transfection experiments, neurons were cotransfected with $—galactosidase as an indicator of
transfection. The cultures were co-immunostained with rabbit antibodies against
B-galactosidase (secondary Ab conjugated to Cy3) and mouse antibodies against HA, the
epitope tag on the GSK constructs (secondary Ab conjugated to FITC). DAPI stain was included
in the final wash of the cultures to determine nuclear morphology (Fig.6A). Co-stained neurons

were scored as apoptotic if they had one or more lobes of condensed chromatin. Seven hundred
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to 1200 neurons were counted in each experimental group. The results from these experiments
are shown in Figure 6B. In cells transfected with the control vector, 18 +/- 3 % of the total
neurons were apoptotic in the presence of serum. Serum withdrawal and lowering KCl lead to a
3-fold increase in the percentage of apoptotic neurons (51 +/- 3%). Incubation of the neurons
with cpt-cAMP or forskolin at the time of serum withdrawal prevented the increase in apoptosis.
Similar data were obtained when neurons were transfected with WT-GSK-3 . By constrast,
transfection of neurons with a kinase-inactive GSK-3  blunted the increase in apoptosis induced
by serum and KCl1 withdrawal (27 +/- 4% vs. 51 +/- 3%) but had no effect on basal apoptosis or
the ability of cpt-cAMP and forskolin to protect from apoptosis. On the other hand, transfection
of neurons with a GSK-3 [} mutant that cannot be phosphorylated on serine 9 interfered with the
ability of cAMP and forskolin to protect neurons from apoptosis but had little effect on basal

apoptosis.

Discussion

Agents that elevate intracellular cAMP levels, such as forskolin (a direct activator of adenylate
cyclase), cholera toxin (an activator of Gs), IBMX (a phosphodiesterase inhibitor), and pituitary
adenylate cyclase-activation polypeptide (PACAP-38), protect neurons from a variety of
apoptotic signals (4,5,31,32,36-39,43-46). The anti-apoptotic effects of cAMP are seen in many
types of neuronal systems including cerebellar granule neurons (4,5,31,36-38), dopamine
neurons (44), septal cholinergic neurons (45), and sympathetic and sensory neurons (32,47,48).
The mechanisms underlying the anti-apoptotic effects of cAMP are not well understood. In
previous studies, two signaling pathways that could mediate the neuroprotective effect of cAMP
have been explored: the ERK pathway and the PI-3 kinase/Akt pathway. The ERK pathway has
been implicated in the survival of sympathetic neurons exposed to cytosine arabinoside (47) and
in PC12 cells induced to undergo apoptosis by NGF withdrawal (49). However, other studies in
sympathetic neurons (46,48) indicate that cAMP promotes neuronal survival through an ERK-
independent pathway. In our studies, cAMP stimulated phosphorylation of both ERK and RSK
in the cerebellar granule neurons, but activation of this pathway did not lead to protection against

apoptosis since the MEK inhibitors blocked phosphorylation but not the ability of cAMP to
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protect the neurons from apoptosis. These results concur with the finding of Creedon et al. (46)
and indicate that, in rat cerebellar granule neurons, the ERK pathway does not mediate the
survival effects of cCAMP. As previously discussed, most studies examining the role of PI-3
kinase/Akt in mediating the neuroprotective effects of cAMP have demonstrated that the Akt
pathway is not involved. The potential involvement of the Akt pathway was re-examined in our
cells since GSK-3f is known to be downstream of Akt. The results from western blotting with
T308 and S473 phospho-specific Akt antibodies and direct Akt kinase assays showed that cAMP
had no effect on Akt phosphorylation or activity in cerebellar granule neurons. Consistent with
these findings, wortmannin and transfection of cerebellar granule neurons with a dominant-
negative Akt mutant failed to diminish the protective effect of cAMP in our cells. Thus, Akt

does not mediate the survival effects of cAMP in rat cerebellar granule neurons.

Our data suggest a novel signaling pathway by which cAMP promotes neuronal survival, a PKA
pathway that leads to inhibition of GSK-3 . Forskolin and cpt-AMP phosphorylate and
inactivate GSK-3 P in cerebellar granule neurons. As expected, the phosphorylation of GSK-3 f3
by forskolin and pt-cAMP is blocked by specific inhibitors of PKA. PKA phosphorylates
GSK-3 B in vitro at a site known to inhibit its activity, and indeed, forskolin inhibited the kinase
activity of GSK-3p. If neurons are transfected with a GSK-3 B mutant that cannot be
phosphorylated, cAMP is unable to fully protect neurons from apoptosis. Furthermore, direct
inhibitors of GSK-3pB , valproate and lithium, and a dominant-negative mutant of GSK-3 f3
protect cerebellar granule neurons from apoptosis. These data strongly support the hypothesis
that cAMP activates PKA and leads to the phosphorylation and inactivation of GSK-3 j3, a pro-

apoptotic kinase in cerebellar granule neurons.

The ability of PKA to phosphorylate GSK-3 B in vitro supports that notion that PKA directly
phosphorylates GSK-3f in vivo. These data suggest that PKA and PKB (Akt) share a
phosphorylation target in cells. Cell localization of PKA, Akt, and GSK-3 B may be an
important factor in determining which kinase has access to GSK-3 B3 in response to a given
stimulus. In addition to PKA and Akt, the protein kinases RSK and integrin-linked kinase (ILK)
also phosphorylate and inactivate GSK-3 (40,50). Inactivation of GSK-3 by RSK is a proposed
mechanism by which the NMDA activated- ERK pathway opposes apoptosis. Inactivation of
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GSK-3 by ILK is thought to mediate the anti-apoptotic effects of cell attachment (50). Thus
GSK-3 B appears to represent a convergence site of multiple signaling pathways involved in cell

fate decisions.
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Figure Legends

Figure 1. Phosphorylation and inhibition of GSK-3 B by forskolin and cpt-cAMP. (A)

Cerebellar granule neurons were cultured for 7 days, washed twice with BME, and then placed in

serum-free medium containing 5 mM KCI. Two hours later, the cells were either left untreated or

treated with 10 uM forskolin for the indicated times. Somes neurons were incubated with IGF-I(50

ng/ml) for 30 min as a positive control. Cell lysates were analyzed by immunoblotting with a

phospho-specific GSK-3 B (Ser 9) antibody. (B) Neurons were pretreated for 30 min in the absence or
presence of 25 uM cell-permeable PKI inhibitor, 10 uM of the PKA inhibitor H-89, or 30 pM of the
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MEK inhibitor PD98059 prior to incubation with 10 pM forskolin for 30 min. Cell lysates were
immunoblotted with anti GSK-3 B (Ser 9) antibody. (C) Neurons were pretreated for 30 min in the
absence or presence of 25 pM cell-permeable PKI inhibitor, 10 pM of the PKA inhibitor H-89, or 30
UM of the MEK inhibitor PD98059 prior to incubation with 30 uM of the cell-permeable cAMP
analog (cpt-cAMP) for 30 min. Results shown are representative of at least three experiments. (D)
After serum/ 25 mM KCl starvation in 5 mM KCl media, neurons were incubated for 30 min with 10
uM forskolin in the presence or absence of 10 uM H-89 or 25 uM PKI, or 50 ng/ml IGF-1. After
incubation, the neurons were lysed, GSK-3[3 was immunoprecipitated, and its activity was determined
as described in Materials and Methods. Control neurons were washed similarly and then placed in
serum-containing conditioned media. The results are expressed as fold activity of control neurons and
are mean values * standard errors of results from three experiments. Statistical significance*,

according to Student’s t test, indicates p< 0.05 versus the value for 5 mM KCl.

Figure 2. Phosphorylation of GSK-3 by cAMP/PKA does not require activation of the ERK

pathway. Neurons were treated as described in Figure 1A. and then pretreated for 30 min in the
absence or presence of 10 pM of the PKA inhibitor H-89 or 30 uM of the MEK inhibitor PD98059
prior to incubation with 10 uM forskolin for 30 min. Cell lysates were immunoblotted with
phospho-specific antibodies against ERK (Thr202/Tyr204) (Top), p90 RSK (Ser 381) (Middle),
and GSK-30/p (Ser21/9) (Bottom). Results shown are representative of at least three experiments.

Figure 3. Phosphorylation of GSK-3 by cAMP/PKA does not require activation of Akt. (A).

Cerebellar granule neurons were cultured for 7 days, washed twice, and placed in serum-free medium
containing 5 mM KCI. Two hours later, the cells were either left untreated or treated with 10 pM
forskolin for the indicated times. Some neurons were incubated with IGF-I(50 ng/ml) in the absence
or presence of wortmannin (100nM) for 30 min as positive controls. Cell lysates were
immunoblotted with antibodies to phospho-S473 Akt and phospho-T308 Akt. The membrane was
then stripped and reprobed with antibodies to phosphorylation independent Akt. (B) Neurons were
treated as described in part A. Akt was immunoprecipitated from cell lysates with an immobilized
Akt antibody and kinase activity was determined by an in vitro kinase assay using 1 pg of
recombinant GSK-3 o fusion protein as the substrate. Phosphorylation of GSK-3o. was detected by
immunoblotting with phospho-specific GSK-30/p (Ser21/9) antibody (bottom panel). The
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membranes were stripped and reprobed with the antibody to phosphorylation-independent Akt (top
panel). (C) Neurons were transfected with the indicated expression vectors (along with pCMV-f-
Gal), and 24 hours later they were placed in medium containing 25 mM KCI plus serum or in
deprivation media (5 mM KCl, no serum) in the presence or absence of 10 uM forskolin, 500 pM cpt-
cAMP or 50 ng/ml IGF-1. After 20 hours, the neurons were fixed and costained with an antibody to [3-
gal and Hoechst 33258. Apoptosis was quantified by scoring the percentage of transfected neurons in
the adherent cell population with condensed or fragmented nuclei. Data are from three experiments

and represent the mean + S.E.M.

Figure 4. In vitro phosphorylation of GSK-3 by purified PKA. The phosphorylation reaction

consisted of 4 units of purified PKA catalytic subunit, 1 pg GSK-3f3 fusion protein, and 100 uM
ATP. Reactions were carried out in the absence and presence of the PKA inhibitors H-89 (5 pM) and
PKI (2.5 uM ). The phosphorylation reaction was allowed to proceed for 30 min at 30 °C and
stopped by adding 3 x SDS sample buffer. The phosphorylation of GSK-3f (top) was measured by
Western blotting with phospho-GSK-3f (Ser9) antibody. The membrane was stripped and reprobed
with a monoclonal phosphorylation-independent antibody to GSK-3 P (bottom).

Figure 5. The effect various agents and inhibitors on apoptosis of rat cerebellar granule

neurons. Cerebellar granule neurons were cultured for 7 days, washed twice with BME, and
placed in serum-free medium containing 5 mM KCl in the absence or presence of forskolin (10
uM), cpt-cAMP (500 uM), forskolin and H-89 (10 pM), cpt-cAMP and H-89 (10 uM), cpt-
cAMP and PD98059 (30 uM), forskolin and PD98059 (30 pM), lithium (15 mM), or valproate
(15 mM). After 24 hr neurons were stained with Hoechst 33258 (5 pg/ml) for 5 min and

apoptosis was quantified by scoring the percentage of neurons in the adherent cell population

with condensed or fragmented nuclei. To obtain unbiased counting, cells were scored blind

. o *
without knowledge of their prior treatment. Data are presented as mean + S EM., n=4.

p<.001 vs. apoptotic (serum-free SmM KCI) medium; ¢, p<.001 vs. apoptotic medium +

forskolin; **, p<.001 vs. apoptotic medium + cpt-cAMP (Student’s t test).
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Figure 6. Transfection of cerebellar granule neurons with WT-GSK-3p. kinase-inactiveGSK-3f3

mutant, and ser9-ala-9GSK-33 mutant. Neurons were co-transfected with the control vector,

GSK-3p wt, GSK-3p (KI) or GSK-3 (S9A) along with CMV-B-Gal. One day after transfection, the

neurons were placed in complete medium (serum/25 mM KCI) or switched to serum-free medium
containing 5 mM KCI, with or without cAMP(500 uM) or forskolin (10 uM). After 24 hr the
transfected neurons were fixed and immunostained with an antibody to B-Gal (Cy3-coupled
secondary antibody) and 12CAS antibody to HA (FITC-coupled secondary antibody). To reveal
nuclear morphology, neurons were also stained with DAPI. (A) Demonstration of the triple-staining
method in neurons grown in serum and 25 mM KCl. (B) The effects of GSK-3f3 constructs on
neuronal survival. The B-galactosidase-positive neurons were scored as healthy or apoptotic as
described in Figure 3C. Data presented as mean + S.E.M., n=4. #, p<.001 vs. pcDNA3 in apoptotic
(serum-free SmM KCI) medium; *, p<.001 vs. pcDNA3 in apoptotic medium + cpt-cAMP; ¢, p<.001

vs. apoptotic medium + forskolin (Student’s ¢ test).
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IGF-I is known to support growth and to prevent
apoptosis in neuronal cells. Activation of the nuclear
transcription factor cAMP response element-binding
protein (CREB) has emerged as a central determinant in
neuronal functions. In the present investigation, we ex-
amined the IGF-I-mediated phosphorylation and tran-
scriptional activation of CREB in rat pheochromocy-
toma (PC12) cells, a cellular model for neuronal
differentiation, and defined three distinct postreceptor
signaling pathways important for this effect including
the p38 mitogen-activated protein kinase (MAPK) path-
way. CREB phosphorylation at serine 133 and its tran-
scriptional activation as measured by a CREB-specific
Gal4-CREB reporter and the neuroendocrine-specific
gene chromogranin A was induced 2-3.3-fold by insulin-
like growth factor (IGF)-I. This activation was signifi-
cantly blocked (p < 0.001) by the dominant negative
K-CREB or by mutation of the CRE site. IGF-I stimu-
lated chromogranin A gene expression by Northern blot
analysis 3.7-fold. Inhibition of MAPK kinase with
PD9I8059, PI 3-kinase with wortmannin, and p38 MAPK
with SB203580 blocked IGF-I-mediated phosphorylation
and transcriptional activation of CREB by 30-50% (p <
0.001). Constitutively active and dominant negative reg-
ulators of the Ras and PI 3-kinase pathways confirmed
the contribution of these pathways for CREB regulation
by IGF-I. Cotransfection of PC12 cells with p388 and
constitutively active MAPK kinase 6 resulted in en-
hanced basal as well as IGF-I-stimulated chromogranin
A promoter. IGF-I activated p38 MAPK, which was
blocked by the inhibitor SB203580. This is the first de-
scription of a p38 MAPK-mediated nuclear signaling
pathway for IGF-I leading to CREB-dependent neuronal
specific gene expression.

Insulin-like growth factor-I (IGF-I)! is a growth-promoting
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polypeptide with diverse cellular functions. IGF-I is involved in
the growth and differentiation of various cell types such as
muscle and adipocytes (1-3). Although liver is the primary
source of circulating IGF-I, significant expression of this
growth factor is seen in various tissues including brain, where
it is known to exert autocrine and paracrine functions (4, 5).
IGF-I has been shown to stimulate neurite outgrowth and
promote survival of neurons in culture (4, 5).

IGF-I exerts its cellular effects through its type I IGF recep-
tor which resembles the insulin receptor in structural as well
as functional aspects (reviewed in Refs. 6 and 7). This het-
erotetrameric transmembrane glycoprotein consists of two a-
and two B-subunits. The B-subunit has intrinsic tyrosine ki-
nase activity that is stimulated when IGF-I binds to the a-sub-
units. The receptor tyrosine kinase in turn phosphorylates
intracellular substrates such as insulin receptor substrates 1
and 2 and She (7, 8). The tyrosine phosphorylation sites on
these docking proteins recruit Src homology 2-containing pro-
teins such as Grb2, Nck, Crk, SHP2, and the p85 subunit of PI
3-kinase. From this intermediary complex of signaling pro-
teins, two significant pathways emerge. One pathway activates
extracellular signal-regulated kinase 1/2 (ERK1/2) through
Ras/Raf/MEK, and another pathway proceeds through PT 3-ki-
nase. IGF-I has been studied extensively in the PC12 cell line,
a model of neuronal tissue. In these cells, IGF-I promotes
growth and proliferation, primarily via activation of the ERK
pathway (9). For the prevention of apoptosis, IGF-I requires the
PI 3-kinase pathway (10).

One of the common nuclear targets of tyrosine kinase signal-
ing cascades is CREB, the CaZ?*/cyclic AMP response element-
binding protein. CREB is a 43-kDa nuclear transcription factor
belonging to the CREB/ATF family (11). Activation of CREB by
forskolin, a potent stimulator of cAMP, stimulates PC12 cell
differentiation to a sympathetic neuron-like phenotype with
neurite extension (12, 13). NGF and IGF-I regulation of CREB
is essential for neuronal plasticity, full axonal development,
memory consolidation, and neuroprotection (14-20). IGF-I is
known to regulate a number of CREB response element (CRE)-
containing genes including bcl-2 and c-fos (21, 22). CREB is
constitutively expressed, and it binds to the specific sequence,
5'-TGACGTCA-3' known as CRE. Phosphorylation on the ser-
ine 133 residue of CREB increases its transcriptional activity.

tein; ERK, extracellular regulated kinase; MAPK, mitogen-activated
protein kinase; MEK, MAPK kinase; PBS, phosphate-buffered saline;
PI 3-kinase, phosphatidylinositol 3-kinase; NGF, nerve growth factor;
TK, thymidine kinase; CgA, chromogranin A.
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This phosphorylation does not alter the binding of CREB to
CRE, but it increases its association with adapter proteins such
as CREB-binding protein, leading to the activation of transcrip-
tional machinery. CREB was initially identified as a substrate
for PKA and a mediator of cAMP-regulated gene expression
(23). Later studies showed that CREB can be phosphorylated
and activated by multiple signaling pathways including ERK,
protein kinase C, calcium/calmodulin-dependent protein ki-
nases, and p38 MAPK (12, 24-26). Thus, diverse signaling
pathways, many of which are activated by IGF-I, are capable of
regulating this transcription factor, which plays a role in neu-
ronal growth and survival.

Chromogranin A is an acidic glycoprotein present in secre-
tory granules of the neuroendocrine system (27). The promoter
region of this gene has a conserved CRE site, which is essential
for transactivation in PC12 cells (28). Chromogranin A, being a
physiologically relevant CRE-dependent gene, can serve as a
read-out for IGF-I-mediated gene regulation in PC12 cells. We
recently demonstrated an ERK-dependent CREB activation by
insulin in Hep-G2 and 3T3-L1 cell lines (29). Since CREB is
capable of regulating many important functions in neuronal
tissues, we investigated whether CREB was important for IGF-
I-mediated gene regulation in PC12 cells. The objectives of this
investigation were to (@) examine whether IGF-I stimulates the
phosphorylation and transcriptional activation of the nuclear
transcription factor CREB in PC12 cells, () gain insight into
the mechanism by which IGF-I-mediated signal transduction
pathways lead to the activation of CREB, and (c) assess the
impact of IGF-I on the neuronal specific CRE-dependent gene
chromogranin A.

We demonstrate that IGF-I increases CREB serine 133 phos-
phorylation and transcriptional activation of CREB reporter
systems and the neuronal specific gene chromogranin A
through at least three pathways: PI 3-kinase, MEK/ERK, and
p38 MAPK. The novel finding of this study is the contribution
of the p38 MAPK-mediated signaling pathway to the regulation
of CREB-dependent gene expression by IGF-L

EXPERIMENTAL PROCEDURES

Materials—PD98059, wortmannin, and rapamycin were purchased
from Biomol (Plymouth Meeting, PA). SB203580 and SB202190 were
obtained from Calbiochem. Cell culture media and supplies were from
Life Technologies, Inc. and Gemini Bio Products, Inc. (Calabasa, CA).
The plasmid for the expression of the chimeric protein (Gal4-CREB)
consisting of the DNA binding domain of Gal4 and the transactivation
domain of CREB and the expression vector for Gal4-CREB protein with
serine to alanine substitution at position 133 were a generous gift from
Dr. William J. Roesler (University of Saskatchewan, Saskatoon, Cana-
da). An expression vector for the luciferase reporter gene driven by the
enhancerless thymidine kinase (TK) promoter linked to four copies of
Gal4 regulatory sequence (pGal,-TK-Luc) was provided by Dr. James
Hoeffler (Invitrogen, San Diego, CA). Three constructs of mouse chro-
mogranin A promoter linked to luciferase in the promoterless luciferase
reporter vector pXP1 were provided by Dr. Daniel O’Connor (San Diego,
CA). The full-length promoter pXP1133 contained 1133 bp in the 5'-
flanking region. The CRE-containing truncated promoter, which main-
tains the minimal neuroendocrine specificity, is in pXP77; the CRE-
mutated version of pXP77 is pXPM41. Constitutively active and
dominant negative Ras and Raf-1 were obtained from Arthur Gutierrez-
Hartmann (University of Colorado Health Sciences Center, Denver,
CO) and Ulf Rapp (Strathlenkunde, Germany). For the PI 3-kinase,
SRa-wild type p85, and SRa-Ap85 were provided by Dr. Masato Kasuga
(Kobe, Japan). The constitutively active form of MAPK kinase 6 was
obtained from Joel Raingeaud (Institut Curie, Orsay, France), and the
pcDNA3-p388 was provided by Jiahuai Han (San Diego, CA). The
luciferase assay kit was purchased from Analytical Luminescence Lab-
oratory (San Diego, CA). Antibodies specific for CREB, P-CREB
(Ser'®), and phospho-ATF-2 and the ATF-2 fusion protein were ob-
tained from New England Biolabs (Beverly, MA). Antibody to p38
MAPK (C-20) was obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA), and the dual phosphorylation site-specific antibody to p38
MAPK was a gift from Dr. Eric Schaefer (Promega). Plasmids for

transfection experiments were purified using Qiagen’s (Valencia, CA)
Maxi kit. All other fine chemicals were purchased from Sigma.

Cell Culture—Rat pheochromocytoma (PC12) cells (provided by Dr.
Gary Johnson (Denver, CO) and Drs. Derek LeRoith and Marcelina
Parrizas (NIDDK, National Institutes of Health, Bethesda, MD) were
maintained in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, 5% heat-inactivated horse serum, 100 pg/ml strep-
tomycin, and 100 microunits/ml penicillin at 37 °C. The cells were
cultured in 60-mm dishes for immunoblotting experiments and in 6 X
35-mm wells for transfection studies. Medium was changed every sec-
ond day. Confluent cell cultures were split 1:4 and used for the exper-
iments 4 days later. The cells were fasted for 5 h by maintaining them
in the medium containing 0.1% fetal bovine serum and 0.05% heat-
inactivated horse serum before treatment with growth factors and other
agents in the experiments for measuring CREB phosphorylation. The
stock solutions of pharmacological inhibitors such as PD98059, wort-
mannin, and SB203580 were prepared in Me,SO at a concentration of
1000-fold, so that when they were added to the culture medium, the
concentration of Me,SO was below 0.1%.

Immunoblotting—Immunoblotting for CREB, phospho-CREB, p38
MAPK, and dual phospho-p38 MAPK were carried out as described
previously (29, 30). PC12 cells cultured in 60-mm dishes were fasted for
5 h before each experiment. After preincubation with inhibitors for 30
min and incubation with growth factors for appropriate duration, the
cells were washed twice with ice-cold PBS, and total cell lysates were
prepared by scraping the cells with 200 pl of 1X Laemmli sample buffer
containing 100 mM dithiothreitol. The proteins were resolved on 12%
SDS-polyacrylamide gels and transferred to polyvinylidene difluoride
membranes. The blots were blocked with TBST (20 muM Tris-HCI, pH
7.9, 8.5% NaCl, and 0.1% Tween 20) containing 5% nonfat dry milk
(blotting grade) at room temperature for 1 h. The blots were then
treated with the primary antibody for P-CREB in TBST containing 5%
bovine serum albumin at 4 °C overnight. After three washes with block-
ing buffer, the blots were incubated with anti-rabbit IgG conjugated to
alkaline phosphatase for 1 h at room temperature. This was followed by
three washes with blocking buffer, two washes with 10 mm Tris-HCI
(pH 9.5), 10 mm NaCl, 1 mm MgCl,, and a 5-min incubation with diluted
CDP-Star reagent (New England Biolabs, Beverly, MA) and then ex-
posed to x-ray film. The membranes were then stripped in the buffer
containing 62.5 mM Tris-HCl, pH 6.7, 2% SDS, and 100 mM B-mercap-
toethanol and reprobed with antibody for CREB by a similar procedure.
The intensity of the bands was quantitated by scanning. The extent of
CREB phosphorylation was measured by calculating the ratio of P-
CREB and CREB bands.

For phospho-p38 and p38, the blots were incubated with the primary
antibody against dually phosphorylated p38 (Promega anti-active p38;
140 ng/ml) in TBST for 1 h at room temperature. After three washes
with TBST, the blots were incubated with anti-rabbit IgG conjugated to
horseradish peroxidase for 1 h at room temperature. This was followed
by three washes in TBST and incubation with diluted ECL chemilumi-
nescent reagent for 1 min. The membranes were then stripped and
reprobed with antibody against p38 (C-20, Santa Cruz Biotechnology;
50 ng/ml).

p38 MAPK Assay—The cells were treated with IGF-I and inhibitor as
described in the figure legends. After washing the cells with PBS, 200
wl of ice-cold cell lysis buffer (20 mm Tris (pH 7.5), 150 mM NaCl, 1 mm
EDTA, 1 mMm EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1
mM B-glycerophosphate, 1 mM sodium orthovanadate, 10 pg/ml leupep-
tin, 500 nM okadaic acid, and 1 mM phenylmethylsulfonyl fluoride) was
added. The cells were scraped, lysed by sonication, and centrifuged for
20 min to collect the supernatant. The lysate (300 pg) was mixed with
4 pl of p38 MAPK antibody overnight at 4 °C. Protein A-Sepharose (20
pl) was added and gently rocked for 3 h at 4 °C. After centrifugation, the
pellet was washed twice with cell lysis buffer and twice with kinase
assay buffer (25 mM Tris (pH 7.5), 5 mM B-glycerophosphate, 2 mm
dithiothreitol, 0.1 mM sodium orthovanadate, 10 mm MgCl,). The pellet
was suspended in 30 ul of kinase buffer with 200 um ATP and 2 pg of
ATF-2 fusion protein and incubated for 30 min at 30 °C. The reaction
was terminated by the addition of 10 pl of 4X Laemmli sample buffer.
These samples were electrophoresed and immunoblotted with antibody
to phospho-ATF-2. The intensities of the bands were measured by
scanning.

Isolation of Total RNA and Northern Blot Analysis—PC12 cells (90%
confluence) were cultured in fasting medium in the absence and pres-
ence of 100 ng/ml IGF-I for 24 h. Total RNA was isolated from these
cells using the Qiagen RNeasy kit. RNA samples were fractionated on
denaturing 1.2% agarose-formaldehyde gels and transferred to Hybond
N+ membrane. The 1.6-kilobase pair Xhol/EcoRI insert of rat chro-

.
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Fic. 1. Dose- and time-dependent CREB phosphorylation mediated by IGF-I. PC12 cells were cultured in 60-mm dishes to near
confluence and then maintained in serum-free medium for 5 h. They were treated with 100 ng/ml IGF-I for varying periods of time, from 10 to 120
min (A). In another set of experiments, the fasted cells were exposed to increasing concentrations of IGF-I for 10 min (B). The cells in both
experiments were washed in ice-cold PBS at the end of incubation period, and the cell lysates were prepared by the addition of 200 ul of warm 1Xx
Laemmli sample buffer followed by sonication. The samples containing equal amounts of proteins were electrophoresed and immunoblotted with
the antibody specific for CREB phosphorylated at Ser'®3. The membranes were stripped and reprobed with CREB antibody. Quantitation of specific
bands was done by scanning densitometry. The ratio of phosphorylated CREB over the nonphosphorylated form was calculated, and this value for
the untreated cells was taken as 1. The results are the mean = S.E. of four independent experiments.

mogranin A ¢cDNA probe was labeled with thermostable alkaline phos-
phatase using the AlkPhos-Direct kit from Amersham Pharmacia Bio-
tech. Hybridization, washing, and detection by CDP-Star were
performed according to manufacturer’s protocol. The blots were
stripped and reprobed with labeled B-actin by a similar protocol. The
expression of chromogranin A was normalized to B-actin expression.

Transfection Procedure—The PC12 cells were cultured to 60-80%
confluence for transfection experiments in 6 X 35-mm plates. For each
well, 2 ug of plasmids and 20 pg of LipofectAMINE reagents (Life
Technologies, Inc.) were used as per the manufacturer’s instructions.
The plasmid containing the B-galactosidase gene driven by the SV,,
promoter was included to normalize the transfection efficiency. DNA
and the LipofectAMINE reagent were diluted separately in 100 ul of
serum-free medium without antibiotics, mixed together, and incubated
at room temperature for 30 min. The culture plates were washed with
PBS and 800 ul of serum, and antibiotic-free medium was added. The
200 ul of the plasmid LipofectAMINE mixture was then added to each
well, and the plates were incubated at 37 °C for 4 h. Then 1.0 ml of high
serum medium (20% fetal bovine serum and 10% heat-inactivated horse
serum) was added and incubated for approximately 40 h before induc-
tion with growth factors for luciferase. After 4 h of induction, the cells
were washed in PBS and lysed with 100 ul of reporter lysis buffer. In
the case of chromogranin A promoter constructs, the induction was 24 h
after transfection for a period of 30 h. The cells were lysed by freezing
and thawing, and lysate was centrifuged at 14,000 rpm for 30 min. The
supernatant was used for the assay of luciferase and B-galactosidase.
Luciferase assays were carried out using the enhanced luciferase assay
kit (Analytical Luminescence Laboratory, San Diego, CA) on a Mono-
light 2010 luminometer. The B-galactosidase assay was performed ac-
cording to the method of Wadzinski et al. (31).

Statistical analysis was carried out by Student’s ¢ test.

RESULTS

Dose- and Time-dependent Phosphorylation of CREB at
Ser!?? by IGF-I—The nuclear transcription factor CREB was
phosphorylated in a time-dependent manner in response to
IGF-I. There was a 2.3-fold (p < 0.001) increase in CREB
phosphorylation at serine 133 (Fig. 14) at 10 min when PC12
cells were stimulated with IGF-I (100 ng/ml). The phosphoryl-
ation returned to near basal level by 120 min. The protein level
of CREB did not change during this 2-h period in the presence
of IGF-1. The time course of CREB phosphorylation mediated
by IGF-I was comparable with that of insulin in 3T3-L1 fibro-
blasts as reported earlier (29). The dose-response curve shows
a significant increase in CREB phosphorylation at 10 ng/ml
(p < 0.05) with dose-dependent increases at higher concentra-
tions (Fig. 1B). We observed an additional band with the anti-
body specific for the phosphorylation sequence around serine
133 of CREB. Serine 63 phosphorylation of ATF-1 is known to
be detected by the same antibody as serine 133-phosphorylated
CREB, since they are 100% homologous for this consensus
phosphorylation sequence (32). The phosphorylation pattern of
ATF-1 was parallel to that of CREB in terms of both intensity
and time course.

Multiple Signaling Pathways Are Involved in IGF-I-medi-
ated Phosphorylation of CREB—To explore the role of different
signaling pathways in CREB phosphorylation, we examined
the effect of PD98059 (an inhibitor of MEK) and wortmannin
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F1c. 2. Effect of pharmacological inhibitors on growth factor-mediated CREB phosphorylation. PC12 cells (90% confluent) were
fasted for 5 h and preincubated with 30 um PD98059 (PD), 100 nM wortmannin (W), 10 um SB203580 (SBI1), 10 um SB202190 (SB2), and 10 ng/ml
rapamycin (R) for 30 min followed by incubation with 100 ng/ml IGF-I (A). In some experiments, the cells were preincubated with combinations
of inhibitors before treating them with 100 ng/ml IGF-I or 50 ng/ml NGF (B). The cells were washed with ice-cold PBS, solubilized, and
immunoblotted for P-CREB. The membranes were stripped and reprobed with the antibody to CREB. The inhibitors did not have any significant
effect on CREB phosphorylation and its protein level in control cells (results not shown). The results are the mean * S.E. of three independent

experiments.

(an inhibitor of PI 3-kinase) on IGF-I-induced CREB phospho-
rylation. In addition, we examined the effects of SB203580 and
SB202190, two specific inhibitors of p38 MAPK (33, 34). This
protein kinase has been shown to mediate the effects of fibro-
blast growth factor and NGF on CREB phosphorylation. As
shown in Fig. 2A, preincubation of PC12 cells with PD98059
(30 um) or wortmannin (100 nM) resulted in a 25-30% decrease
in IGF-I-mediated CREB phosphorylation at serine 133. The
addition of 30 um PD98059 decreased the induction of ERK1/2
MAPK activity as detected by dual phospho-ERK antibody
(Promega, Madison, WI) (data not shown). The findings with
wortmannin clearly indicate that the PI 3-kinase mediates
IGF-I-induced nuclear signaling in addition to the regulation of
cytosolic proteins such as glycogen synthase. The inhibitors of
p38 MAPK, SB203580 (10 um), and SB202190 (10 um) were
able to decrease the CREB phosphorylation stimulated by
IGF-I significantly (p < 0.001), suggesting a novel pathway for
nuclear signaling of this growth factor. Rapamycin, an inhibi-
tor of p70 S6 kinase, which is one of the downstream compo-
nents of the PI 3-kinase signaling system, had no significant
impact on IGF-I-induced CREB phosphorylation.

The neurotrophic actions of IGF-I are similar to those of NGF
in PC12 cells. Therefore, we compared the effects of IGF-I and
NGF on CREB phosphorylation. The partial reduction in NGF-
mediated CREB phosphorylation in the presence of individual
inhibitors was similar to that of IGF-I (data not shown) with
the minor difference that PD98059 was more effective than
wortmannin in decreasing NGF-induced CREB phosphoryla-

tion. In some experiments, combinations of inhibitors were
shown to block the effects of growth factors completely (Fig.
2B). For example, in the presence of wortmannin (100 nm) and
SB203580 (10 uM), IGF-I did not increase CREB phosphoryla-
tion above basal level. The inhibitors PD98059 (30 um) and
SB203580 (10 uMm) used together blocked NGF action. For the
remainder of the studies, parallel experiments were conducted
with NGF as a control. The NGF data will only be presented for
selected experiments.

IGF-I Activates p38 MAPK in PC12 Cells—The experiments
with pharmacological inhibitors demonstrated that multiple
signaling pathways mediate IGF-I-induced phosphorylation of
CREB, including ERK, PI 3-kinase, and p38 MAPK. Growth
factors have been shown to activate p38 in neuronal cell lines
(26, 35, 36). Because the pharmacological inhibition of p38 with
the SB compounds suggested a role for p38, we examined p38
activity in response to IGF-I in these cells. To examine whether
IGF-I activates p38 MAPK in PC12 cells, experiments were
carried out to measure the formation of phospho-p38 MAPK,
the active form of this enzyme. As shown in Fig. 34, IGF-I
increased the phosphorylation of p38 significantly (p < 0.001)
over the untreated cells in 5 min and slowly decreased over the
remaining 2-h incubation period. Sodium arsenite is a known
stimulator of p38 MAPK activity, and it serves as a control for
the immunoprecipitation kinase assay. When p38 MAPK was
assayed in PC12 cells treated with IGF-I (100 ng/ml) and so-
dium arsenite (300 puM) by immunoprecipitation followed by
phosphorylation of ATF-2 phosphoprotein, 78 and 145% in-
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FiG. 3. Activation of p38 MAPK by IGF-1. PC12 cells (90% conflu-
ent) were fasted for 5 h and exposed to IGF (100 ng/ml) for varying time
periods (A). The cells were washed and harvested for immunoblotting
with the antibody to phospho-p38 MAPK. The membranes were then
stripped and reprobed with the antibody to p38 MAPK. In some exper-
iments, the fasted cells were preincubated in the absence (@) and
presence () of 10 uM SB203580 for 30 min followed by incubation with
IGF (100 ng/ml) for 10 min or sodium arsenite for 300 uM for 1 h (B). The
activity of p38 MAPK was measured by immunoprecipitating the cell
lysates with p38 MAPK antibody and phosphorylating ATF-2 fusion
protein followed by immunoblotting phospho-ATF-2. Quantitation of
the bands was done by scanning densitometry. The values are the
means of three observations.

creases in the enzyme activity were observed, respectively.
Pretreatment of cells with the inhibitor SB203580 (10 um)
decreased the stimulated enzyme activity significantly (p <
0.01).

IGF-I-mediated CREB Phosphorylation Does Not Involve
cAMP-dependent Protein Kinase (Protein Kinase A)—CREB
was initially described as a substrate for protein kinase A (23).
Therefore, we assessed the role of protein kinase A in IGF-I
induced CREB phosphorylation using H89, a pharmacologic
inhibitor that specifically inhibits this kinase (data not shown).
This inhibitor decreased the formation of P-CREB mediated by
dibutyryl cAMP (500 um) and forskolin (10 uM) significantly
(p < 0.001). H89 did not block IGF-I and NGF-mediated in-
creases in P-CREB formation.

IGF-I Mediated CREB Phosphorylation Leads to Its Tran-
scriptional Activation—CREB phosphorylation at serine 133 is
essential for transcriptional activation, but under some condi-
tions this phosphorylation is inadequate to drive transcription
(87). Thus, it was essential to determine whether IGF-I-medi-
ated CREB phosphorylation enhanced its transcriptional acti-
vation. For initial experiments, we used a Gal4-TK-Luc re-
porter system specific for the transactivation of CREB. Since
endogenous transcription factors do not bind to the promoter
pGal4-TK-Luc, the increase in luciferase activity in the pres-
ence of IGF-I is a measure of the stimulation of the transacti-
vational potency of the Gal-CREB chimeric protein through
phosphorylation. PC12 cells were transiently transfected with

an expression vector for a chimeric protein consisting of the
Gal4 DNA binding domain linked to the transactivation do-
main of CREB and a plasmid containing the luciferase reporter
gene linked to an enhancerless thymidine kinase promoter and
four copies of Gal4-responsive sequences. By this approach, one
could eliminate other CRE-binding endogenous transcription
factors binding to the reporter gene. This permits evaluation of
the pathways leading specifically to CREB activation. IGF-I
increased transcription in a dose-dependent manner to a max-
imum of 3-fold in this system (Fig. 44). No transcriptional
activation was noted in the control experiments without the
Gal4-CREB chimeric protein (results not shown). To optimize
cell viability after transient transfection, the cells were main-
tained in serum during the induction with growth factors,
because PC12 cells undergo programmed cell death with serum
withdrawal. This contributes to the high basal CREB tran-
scriptional activity and also represents the normal physiologi-
cal context. Consistent increases over the physiological back-
ground were noted in response to IGF-I.

To determine the functional significance of phosphorylation
of serine 133 by IGF-I for activation of this transcriptional
reporter, cotransfection experiments were carried out using the
expression vector for Gal4-CREB in which serine was replaced
with alanine at position 133. When cotransfected with pGal4-
TK-Luc, this mutated fusion protein did not induce luciferase
expression significantly when compared with the wild type
Gal4-CREB (Fig. 4B). Treatment with growth factors did not
further enhance the luciferase expression.

IGF-I-mediated Transcriptional Activation of CREB Paral-
lels the Regulation of CREB Phosphorylation—A parallel set of
experiments to those described for CREB phosphorylation in
Fig. 2 was undertaken to determine the contribution of MEK,
p38 MAPK, PI 3-kinase, and p70 S6 kinase in the transcrip-
tional activation of CREB. PC12 cells transfected with pGal4-
TK-Luc and pGal-CREB were preincubated with PD98059 (30
uM), wortmannin (100 nm), SB203580 (10 um), and SB202190
(10 pm). These additions decreased IGF-I-mediated CREB-TA
by 27, 44, 31, and 34%, respectively (Fig. 54). Rapamycin did
not have any effect on the transcriptional activation by IGF-1.
In the case of NGE, significant decreases (25-35%) in transcrip-
tional activation were exerted by the inhibitors PD98059 (30
uM), wortmannin (100 nm), SB203580 (10 um), and SB202190
(10 um) (data not shown). As with IGF-I, rapamycin had no
effect on NGF action. The inhibition of transcriptional activa-
tion by these inhibitors was partial when used alone. Parallel
to our observation of the impact of combined inhibitors in Fig.
2, IGF-I-induced luciferase production was decreased to the
basal level when the cells were preincubated with wortmannin
and SB203580 together (Fig. 5B). These findings clearly dem-
onstrate that IGF-I uses novel signaling pathways to increase
the transcriptional activation of CREB in PC12 cells.

IGF-1 Activates Transcription of CRE-containing Chro-
mogranin A Promoter Constructs—Once the transcriptional
activating potential of IGF-I on CREB had been determined
using the Gal4-TK-Luc reporter system, we did a series of
experiments to assess the physiological relevance of CREB
activation by IGF-I. For these experiments, we employed the
neuronal specific CRE-containing chromogranin A promoters.
The promoter with 1133 bp of 5'-flanking region was stimu-
lated 3.3-fold by IGF-I, whereas the truncated promoter with
the CRE (pXP77) was activated 2.5-fold. To determine whether
this activity was dependent upon CREB, we did a series of
experiments cotransfecting a dominant negative CREB,
K-CREB, as well as the truncated chromogranin A promoter
with the CRE site mutated (Fig. 6A). The dominant negative
K-CREB decreased basal and total IGF-I stimulation compared
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Fic. 4. Transeriptional activation of CREB by IGF-I in PC12 cells. PC12 cells were cultured in 6 X 35-mm wells to around 70% confluence.
The cells were cotransfected with pGald-TK-Luc, pRSV-Gal4-CREB-341, and pRSV B-galactosidase in the medium containing no serum and
antibiotics by the Lipofect AMINE transfection method for 4 h. For each well, 2 ug of plasmids and 20 pg of Lipofect AMINE reagent were used.
Induction for luciferase with different agents for 4 h was carried out 48 h after the initiation of transfection. A, the transfected cells were incubated
with varying doses of IGF-I as indicated. B, in the transfection protocol for this experiment either pRSV-Gal4-CREB or pRSV-Gal4-CREB S133A
was used, and later the transfected cells were induced with 100 ng/ml IGF or 50 ng/ml NGF. Cell lysates were prepared, and the transcription was
measured by assaying the luciferase activity by the procedure described under “Experimental Procedures.” In these lysates, p-galactosidase
activity was also assayed to correct for the efficiency of transfection. The transcription mediated by IGF-I and other agents was expressed as -fold
induction over the basal transcription in transfected but untreated cells. Results are means * S.E. of three independent experiments.

with controls, as did the CRE mutant. Some increase in activity
was seen in response to IGF-I, indicating both CREB-depend-
ent and CREB-independent regulation of chromogranin A by
IGF-1. We also noted a 3.7-fold increase in chromogranin A
mRNA when PC12 cells were exposed to 100 ng/ml of IGF-I for
24 h (Fig. 6B), demonstrating that the endogenous gene and
the reporter constructs respond similarly.

Impact of Constituitively Active or Dominant Negative Ras
and Raf-1 on IGF-I-mediated Stimulation of Chromogranin
A—Pharmacological inhibition of MEK using PD98059 (Figs. 2
and 5) indicated a role for the ERK1/2 MAPK cascade in IGF-I
regulation of CREB activity. To confirm these data using another
strategy, we cotransfected PC12 cells with a truncated CREB-
responsive chromogranin A reporter construct and plasmids for
constitutively active Ras and Raf-1 (pSVRas and pRSV BxBraf,
respectively) or dominant negative Ras (pZCRN17Ras). Activation
of the Ras — Raf — MEK — ERK pathway using the constitutively
active iosforms of either Ras or Raf-1 (Fig. 7A) led to a significant
increase in basal chromogranin A activity, demonstrating respon-
siveness to this pathway. IGF-I treatment gave an additional stim-
ulation of 1.5-fold over the high basal level, suggesting that there
are other pathways in addition to ERK1/2 that contribute to the
IGF-I response. Dominant negative Ras decreased basal activity
with a restoration toward basal upon exposure to IGF-I. Taken
together, these data support a role for ERK1/2 activation of chro-
mogranin A by IGF-1. They also suggest that additional pathways
are involved.

Role of PI 3-Kinase in the IGF-I-mediated Activation of Chro-
mogranin A—The PI 3-kinase inhibitor data suggested that
one of the additional pathways involved PI 3-kinase. As dem-
onstrated in Figs. 24 and 54, wortmannin, an inhibitor of PI
3-kinase, interferes with both CREB phosphorylation and its
transcriptional activation by IGF-I. Hence, we examined the
effect of transient transfection of wild-type and dominant neg-
ative p85 subunits (courtesy of Dr. Masato Kasuga, Kobe, Ja-
pan) in PC12 cells. The wild type p85 subunit exerted a small
increase in basal and IGF-I-mediated transcriptional activa-
tion, whereas Ap85, the kinase-dead PI 3-kinase isoform, in-
hibited IGF-I activation of chromogranin A (p < 0.001). These
results demonstrate a PI 3-kinase-dependent activation of
chromogranin A in PC12 cells.

MAPK Kinase 6 and p38B Enhance the Activation of Chro-
mogranin A Promoter by IGF-I—Previous studies have indi-
cated that, among p38 MAPK isozymes, the B8 isoform is in-
volved in the hypertrophic action. Hence, we cotransfected the
PC12 cells with p388 and the constitutively active form of its
upstream kinase, MAPK kinase 6, and examined the promoter
activity of chromogranin A (pXp77). The stimulation of p3883
resulted in the increase of basal and IGF-I-induced chromogra-
nin A promoter activity by 80-90%. This increase was signifi-
cantly (p < 0.001) blocked when the cells were preincubated
with the p38 MAPK inhibitor SB203580 (10 um). The results of
this experiment further support the role of the p38 MAPK
pathway in IGF-I-mediated activation of the nuclear transcrip-
tion factor CREB.

DISCUSSION

In this investigation, we demonstrate that IGF-I stimulates
phosphorylation of the nuclear transcription factor, CREB, the
Ca®*/cAMP response element-binding protein, at serine 133 in
PC12 cells. This post-translational modification leads to an
increase in CREB’s transcriptional activity as demonstrated by
the Gal4-TK-Luc reporter system. IGF-I is also capable of reg-
ulating chromogranin A, a neuroendocrine-specific gene, by a
CREB-dependent mechanism. Using specific inhibitors such as
PD98059, SB203580, or wortmannin or by cotransfecting con-
stitutively active and dominant negative components of the Ras
and PI 3-kinase pathways, we demonstrate that IGF-I-medi-
ated CREB activation proceeds through three distinct path-
ways involving ERK, PI 3-kinase, and p38 MAPK. IGF-I is
known to exert its actions on cellular proliferation, survival,
and differentiation through the ERK and PI 3-kinase path-
ways. In this study, we show for the first time that some of the
CREB-dependent gene regulatory actions of IGF-I proceed
through the p38 MAPK pathway.

In neuronal cells, the nuclear transcription factor CREB
plays a central role in several critical functions. It is important
for protein synthesis-dependent long term memory formation,
since targeted mutation of CREB leads to a decrease in long
term memory in mice (14, 15). Hormonal regulation of dentritic
spine formation in cultured hippocampal neurons requires the
phosphorylation of CREB (19). In PC12 cells, a cell culture
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Fic. 5. Growth factor-mediated CREB activation involves mul-
tiple signaling pathways in PC12 cells. PC12 cells cultured in 6 X
35-mm wells were transfected with pGal4-TK-Luc, pRSV-Gal4-CREB-
341, and pRSV B-galactosidase for 4 h by the LipofectAMINE transfec-
tion method using 2 ug of total plasmids and 20 ug of Lipofect AMINE
reagent. After 48 h, the cells were first exposed to the 30 um PD98059
(PD), 100 nM wortmannin (W) 10 um SB203580 (SB1), 10 um SB202190
(SB2), and 10 ng/ml rapamycin (R) for 30 min and then incubated with
100 ng/ml IGF-I (A) for 4 h. In some experiments, the cells were
preincubated with combinations of inhibitors before exposure to 100
ng/ml IGF-I or 50 ng/ml NGF (B). The activities of luciferase and
B-galactosidase were measured in the cell lysates. The -fold increases in
CREB activation by IGF-I and NGF were calculated after correcting for
transfection efficiency. The values represent means * S.E. of three
observations.

model of neurons, the CREB/ATF-1 family of transcription
factors are needed for the neurite outgrowth (38). Dominant
negative ATF-1 blocks cAMP-induced neurite formation by in-
hibiting cAMP-mediated CREB activation in these cells (38).
Interference of CREB and other ATF family members with E1A
viral antigen also blocks PC12 cell differentiation (13). Addi-
tionally, CREB is critical for the induction of immediate early
gene c-fos by NGF (12). The promoter regions of several neu-
ronal specific genes such as chromogranin A (CgA) and vgf
contain CREB response elements. Because of the diverse neu-
ronal responses that require CREB, it is important to under-
stand the specific mechanisms whereby IGF-I, an important
neurotrophin, regulates CREB dependent transcription.
CREB is regulated by multiple factors in PC12 cells includ-
ing forskolin, NGF, epidermal growth factor, and 12-O-tetra-
decanoylphorbol-13-acetate (12, 28). These diverse stimuli can
result in divergent cell fates including proliferation and differ-
entiation. With respect to the diversity of factors that can
impact CREB- and CRE-regulated transcription, we present
important new information on CREB regulation by IGF-I in
PC12 cells. We present convincing data that IGF-I treatment at
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F1c. 6. IGF-I-mediated induction of the chromogranin A gene
in PC12 cells. A, PC12 cells were cultured in 6 X 35-mm wells to
around 70% confluence. The cells were cotransfected with pxP1133,
pxP77, pxPM41, and pxP77 with dominant negative K-CREB and pRSV
B-galactosidase for 4 h by the LipofectAMINE transfection method
using 2 ug of total plasmids and 20 ug of Lipofect AMINE reagent. After
24 h, the cells were cultured in the absence (@) and presence (W) of 100
ng/ml of IGF for 30 h. The cell lysates were prepared, and luciferase and
B galactosidase were assayed. Results are means + S.E. of three inde-
pendent experiments. B, PC12 cells (90% confluent) were cultured in
fasting medium in the absence and presence of 100 ng/ml IGF for 24 h.
Total RNA was isolated from these cells using Qiagen’s RNeasy Kkit.
RNA 10-pg samples were resolved on formaldehyde-agarose gels and
transferred to Hybond N+ membranes and probed with the chromogra-
nin A ¢cDNA probe labeled with alkaline phosphatase and detected with
the CDP-Star system. The blots were then stripped and reprobed with
labeled B-actin by a similar procedure. Two representative blots from
the set of five are shown here.

a physiologically relevant concentration leads to transcription-
ally important phosphorylation of CREB at serine 133. Addi-
tionally, CREB activation plays a major role in the IGF-I-
mediated regulation of the neuronal specific chromogranin A
gene. We see an impact of IGF-I on both the chromogranin A
promoter and induction of chromogranin A mRNA. The exper-
iments described define many parallels between NGF and
IGF-I for CREB regulation in this cell line. Both agents employ
multiple signaling pathways for CREB regulation. From inhib-
itor studies, it appears that the dominant pathways for IGF-1
are p38 MAPK and PI 3-kinase, whereas MEK is the dominant
pathway for NGF with a contribution from p38 MAPK. This
role of p38 MAPK activation by growth factors is a new and
rapidly evolving area of research. The current data do not
permit a detailed comparison between the IGF-I and NGF, but
the differences noted between the two neurotrophins could
provide insight into their divergent impacts on cell fate, sur-
vival, and proliferation.

IGF-I has been shown to have significant neurotrophic ac-
tions such as survival and regeneration of neurons (4, 5). In
diabetes, IGF-I activity is decreased in neuronal tissues, and
this could contribute to the development of diabetic neuropathy
(39). IGF-1 is being considered as a potential therapeutic agent
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Fic. 7. Activation of chromogranin A promoter by IGF
through multiple signaling pathways. PC12 cells (70% confluence)
cultured in 6 X 35-mm wells were transfected with pxP77 and pRSV
B-galactosidase along with indicated plasmids for 4 h by the Lipo-
fect AMINE transfection method using 2 ug of total plasmids and 20 ug
of Lipofect AMINE reagent. In these transfection experiments, plasmids
for the modulation of signaling pathways involving Ras (A4), PI 3-kinase
(B), and p38B (C) were also included. After 1 day of transfection, the
cells were cultured in the absence (&) and presence () of 100 ng/ml
IGF-I (A and B) or as indicated (C) for 30 h. The activities of luciferase
and B-galactosidase were measured in the cell lysates. The -fold in-

in the treatment of neurodegenerative diseases (40). For these
reasons, it is essential to understand the mechanism by which
this growth factor regulates gene expression in neuronal cells.
Our present findings show that IGF-I mediated the activation
of the nuclear transcription factor CREB through multiple
signaling pathways and that this leads to enhanced expression
of a neuroendocrine-specific gene, CgA. We chose to examine
CgA because it is known to be regulated in a CREB-dependent
manner in PC12 cells (27, 28). This tool establishes a neuronal
context for the experiments designed to define the important
signaling pathways. CREB is known to bind the promoters of
mouse and human CgA (27, 41). In the present investigation,
we observed an enhanced expression of CgA in IGF-I-treated
PC12 cells, as measured by the Northern blot analysis of
mRNA. Further, IGF-I-mediated activation of CREB through
multiple signaling pathways leads to the stimulation of full-
length as well as the CRE-containing truncated promoter of
CgA. Studies with dominant negative K-CREB and the pro-
moter containing mutated CRE clearly demonstrate that
CREB plays a significant role in mediating IGF-I action. These
findings indicate that IGF-I-stimulated CREB activation is
involved in the physiologically relevant gene expression in neu-
ronal cells.

Our observation that IGF-1 stimulates the phosphorylation
of nuclear transcription factor CREB through a p38 MAPK is
new, and the physiological relevance remains to be determined.
To briefly review the current understanding of the p38 MAPK
family, they are a family of serine/threonine kinases, activated
by dual phosphorylation on threonine and tyrosine residues. In
mammalian cells, three distinct MAPKSs have been identified:
ERK1/2, stress-activated protein kinase/c-Jun N-terminal ki-
nase, and RK cytokine suppressive anti-inflammatory drug
binding protein p38 MAPK. The pathways mediated by c-Jun
N-terminal kinase and p38 MAPK have been shown to play a
significant role in stress-mediated signal transduction. The p38
MAPK is associated with apoptosis, and it opposes the actions
of ERK in PC12 cells (30, 42). However, p38 and ERK MAPKs
cooperate in the transcriptional activation of c-fos in response
to UV irradiation (43). Further, p38 MAPK participates in the
protein phosphorylation cascade resulting from activation of
growth factor/hormone receptors. For example, fibroblast
growth factor activates p38 MAPK in SK-N-MC cells, and in-
sulin stimulates this kinase in L6 muscle cells (26, 44). NGF
has been shown to activate CREB through the ERK as well as
p38 MAPK pathway (35). IGF-I stimulates p38 MAPK activity
in SH-SY5Y neurobastoma cells (36). In a recent study, Scrim-
geour et al. (45) used a mutant of the IGF-I receptor in which
tyrosines at positions 1250 and 1251 in the carboxyl-terminal
region had been replaced to demonstrate that some of the
actions of IGF-I could involve a third pathway other than ERK
and PI 3-kinase pathways. We support this possibility by show-
ing in this study that IGF-I does activate CREB by a third
pathway involving p38 MAPK. IGF-I-mediated phosphoryla-
tion and activation of CREB decreased significantly in the
presence of SB203580. This pyridinyl imidazole derivative has
been shown to be specific for p38 MAPK, and it did not have
any inhibitory action toward 12 other protein kinases tested in
vitro (34). Several isoenzymes of p38 MAPK have been identi-
fied that are likely to have differential actions (46, 47). Wang et
al. demonstrated in cardiomyocytes that p388 mediates hyper-
trophic response, whereas p38a induces apoptosis (48). In a
recent study, this B isoform has been also shown to provide

creases in CREB activation by IGF-I and NGF were calculated after
correcting for transfection efficiency. The values represent means *
S.E. of three observations.
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protective effect against apoptotic signals (49). We have also
observed in the present study an increase of IGF-I-induced
chromogranin A promoter activity when the PC12 cells were
cotransfected with p388 and the constitutively active form of
MAPK kinase 6.

IGF-1 has been shown to activate the ERK and PI 3-kinase
pathways in several cell types including PC12 cells (1, 6, 50,
51). In the present study, the MEK inhibitor (PD98059) par-
tially decreases the phosphorylation and activation of CREB
mediated by IGF-I. Figs. 2 and 5 demonstrate only a partial,
albeit significant, inhibition of IGF-I-mediated CREB phospho-
rylation and activation using PD98059. Cotransfection experi-
ments with constitutively active Ras and Raf-1 demonstrate a
role for this pathway in the activation of CgA. However, IGF-I
was able to drive transcription of CgA even in the face of
constitutively active Ras and Raf-1. These data suggest that
the Ras — Raf-1 — MEK pathway is important but is not the
dominant pathway for IGF-1-mediated CREB activation. In a
recent study, however, we observed that the ERK pathway
plays a major role in the insulin-mediated CREB activation in
HepG2 and 3T3-L1 cell line, suggesting cell-specific variations
in signaling pathways. The PI 3-kinase pathway, which is
critical for IGF-I-mediated neuronal survival under stress con-
ditions, strongly contributes to IGF-I-mediated CREB activa-
tion. The importance of PI 3-kinase for IGF-I activation of
CREB is clearly demonstrated by the wortmannin inhibitor
studies. It is further supported by cotransfection of Ap85 PI
3-kinase, the kinase-dead mutant, which ablates IGF-I-medi-
ated stimulation of CgA. Akt, the downstream component of
the PI 3-kinase pathway, is known to regulate the covalent
modification of cytosolic proteins such as glycogen synthase
and the proapoptotic protein BAD in PC12 cells (51, 52). In the
present study, we demonstrate the involvement of this path-
way in the nuclear actions of IGF-I. It has been previously
shown that the expression of Bel-xL and the bcl-2 are increased
by IGF-I (21, 53). These proteins belong to the Bcl-2 family,
which is known to protect the cells from programmed cell death
(21). It is possible that IGF-I-mediated CREB activation is
involved in the regulation of the expression of bcl-2, since it is
a CREB-dependent gene (54).

To summarize, the data presented in this paper demonstrate
IGF-1 activation of CREB, an important transcription factor for
neurotrophin activity. This activation employs signaling path-
ways mediated by PI 3-kinase and p38 MAPK. Future studies
will explore the implications of each of these signaling path-
ways for CREB-responsive genes important for cell cycle regu-
lation, survival, and differentiation.
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In our previous study we showed that insulin-like
growth factor-I induces a cAMP-response element (CRE)
site-containing Bel-2 promoter through a novel signal-
ing pathway involving mitogen-activated protein kinase
kinase 6/p388 mitogen-activated protein kinase/MAP
kinase-activated protein kinase-3/cAMP-response ele-
ment-binding protein (CREB) (Pugazhenthi, S., Miller,
E., Sable, C., Young, P., Heidenreich, K. A., Boxer, L. M.,
and Reusch, J. E.-B. (1999) J. Biol. Chem. 274, 27529~
27535). In the present investigation, we define a second
pathway contributing to CREB-dependent up-regula-
tion of Bcl-2 expression as a novel anti-apoptotic func-
tion of Akt signaling. To examine the role of Akt on Bcl-2
expression, a series of transient transfections using a
luciferase reporter gene driven by the promoter region
of Becl-2 containing a CRE were carried out. Pharmaco-
logical inhibition of phosphatidylinositol (PI) 3-kinase,
the upstream kinase of Akt, with 1L.Y294002 led to a 45%
decrease in Bcl-2 promoter activity. The reporter activ-
ity was enhanced 2.3-fold by overexpression of active
pl110 subunit of PI 3-kinase and inhibited 44% by the
dominant negative p85 subunit of PI 3-kinase. Cotrans-
fection with 3-phosphoinositide-dependent kinase
(PDK1), which is required for the full activation of Akt,
resulted in enhanced luciferase activity. Insulin-like
growth factor-I-mediated induction of Bcl-2 promoter
activity was decreased significantly (p < 0.01) by the
dominant negative forms of p85 subunit of PI 3-kinase,
PDK1, and Akt. These data indicate that regulation of
Bel-2 expression by IGF-I involves a signaling cascade
mediated by PI 3-kinase/PDK1/Akt/CREB. Furthermore,
we measured the Bcl-2 mRNA in PC12 cells overexpress-
ing Akt by real-time quantitative reverse transcription-
polymerase chain reaction using the TagMan™ fluoro-
genic probe system. We observed a 2.1-fold increase in
Bel-2 mRNA levels in the Akt cell line compared with
control PC12 cells, supporting the observation that en-
hanced CREB activity by Akt signaling leads to in-
creased Bcl-2 promoter activity and cell survival.
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The serine threonine kinase Akt/protein kinase B is an im-
portant mediator of metabolic as well as survival responses to
insulin and growth factors (1). Akt is activated by translocation
to plasma membrane when the PI 3-kinase-generated 3-phos-
phoinositides bind to its pleckstrin homology domain (2). For
its full activation it needs to be further phosphorylated by
3-phosphoinositide-dependent kinasel (PDK1)! at Thr-308 and
by PDK2 at Ser-473. The metabolic actions of insulin mediated
by Akt include stimulation of GLUT4 translocation and activa-
tion of glycogen synthase and the glycolytic enzyme 6-phospho-
fructose-2-kinase (1).

In addition to its metabolic actions, Akt/protein kinase B has
been shown to promote cell survival by growth factors against
several apoptotic stimuli (3, 4). The Bcl-2 family of proteins
consisting of pro-apoptotic Bad, Bik, Bid. Etc. and anti-apo-
ptotic Bel-2 and Bel-xL are important regulators of mammalian
apoptosis (5). Bel-2/Bcl-xL prevents the activation of caspase-9
by Apaf-1 and cytochrome ¢ (6). Bcl-2 and Bad heterodimerize
and neutralize each other’s function. The fate of cells exposed to
apoptotic signal is determined by the balance between pro- and
anti-apoptotic proteins. One mechanism by which Akt prevents
apoptosis is considered to proceed through phosphorylation of
the pro-apoptotic protein Bad on Ser-136 (7). Phosphorylated
Bad is sequestered by 14-8-3 protein, leading to its down-
regulation. It has been also suggested that additional mecha-
nisms might exist for the cell survival-promoting action of Akt
8, 9.

Up-regulation of Bcl-2 expression has been identified as a
critical mechanism by which growth factors promote cell sur-
vival (10-13). The promoter region of Bcl-2 contains a cAMP-
response element (CRE) site, and the transcription factor
CREB has been identified as a positive regulator of Bcl-2 ex-
pression (13, 14). Akt, a target of IGF-I signaling, has been
shown to activate CREB (15). Thus, it seemed possible that Akt
activation through PI 3-kinase could mediate regulation of
Becl-2 expression by IGF-L.

In our previous studies in PC12 cells, we identified that three
post-receptor pathways activated by IGF-I through extracellu-
lar-regulated kinase, p383 MAPK, and PI 3-kinase are capable
of mediating Ser-133 phosphorylation of CREB (13, 16). How-
ever, in the context of CREB-driven Bel-2 promoter, activation
of the extracellular-regulated kinase pathway has been shown
to have a negative regulatory effect through Ets domain tran-
scription factors (14). We identified a novel IGF-I-mediated
signaling cascade involving MAP kinase kinase 6/p388 MAPK/

1The abbreviations used are: PDK1, 3-phosphoinositide-dependent
kinase 1; IGF, insulin-like growth factor; CRE, cAMP response element;
CREB, CRE-binding protein; MAPK, mitogen-activated protein (MAP)
kinase; PBS, phosphate-buffered saline; PI 3-kinase, phosphatidylinosi-
tol 3-kinase; RT-PCR, reverse transcription-polymerase chain reaction.

10761




10762

MAP kinase-activated protein kinase-3/CREB, leading to the
induction of Bcl-2 promoter (13). However, SB203580, the p38
MAPK inhibitor blocked IGF-I-induced Bel-2 promoter activity
only partially. Earlier work in our laboratory demonstrated
that IGF-I-mediated CREB phosphorylation and activation of
CRE site-containing chromogranin A promoter requires PI
3-kinase (16). In that study, a dominant negative form of the
regulatory subunit of PI 3-kinase was able to block IGF-I-
mediated induction of a CRE site-containing promoter of chro-
mogranin A, a neuro endocrine-specific gene. Du and Mont-
miny (15) demonstrated recently that Akt stimulates the
phosphorylation and the transcriptional activity of the CREB
in HEK 293 cells. These reports clearly raise the possibility
that Akt could mediate part of the IGF-I-induced increase in
the expression of Bcl-2 at the transcriptional level. The objec-
tive of the present study was to examine whether IGF-I medi-
ated signaling through PI 3-kinase and Akt leads to a CREB-
dependent increase in Bcl-2 promoter activity.

EXPERIMENTAL PROCEDURES

Materials—The pharmacological inhibitors LY294002 and rapamy-
cin were from Biomol (Plymouth Meeting, PA). Cell culture media and
supplies were purchased from Gemini Bio Products, Inc (Calabasas,
CA) and Life Technologies, Inc. The CRE site-containing promoter
region of bel-2 gene was linked to a luciferase reporter as described
previously (14). A luciferase reporter gene driven by TATA box joined to
tandem repeats of CRE (4X) was purchased from Stratagene (La Jolla,
CA). Plasmids for transfection experiments were purified using Qia-
gen’s (Valencia, CA) maxi kit. Antibodies specific for Phospho (Ser-133)
CREB and CREB were from New England Biolabs (Beverly, MA). The
luciferase assay kit was purchased from Pharmingen (San Diego, CA).

Cell Culture—Rat pheochromocytoma (PC12) cells (provided by Dr.
Derek LeRoith (NIDDK, National Institutes of Health, Bethesda, MD)
were maintained in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum, 5% heat-inactivated horse serum, 100 pg/ml
streptomycin, and 100 microunits/ml penicillin at 37 °C in a humidified
atmosphere at 8% CO,. A ¢cDNA encoding Akt with the Src myristoy-
lation sequence at the N terminus (17) in the retroviral vector pLNCX
(18) was packaged into replication-defective retrovirus using 293T cells
along with the plasmids SV-¢-A-MLV and SV-y~env_-MLV by the pro-
cedure described previously (19, 20). Secreted retrovirus was supple-
mented with polybrene (8 ug/ml), filtered (0.45 pm), and incubated with
PC12 cells for 24 h. Cells expressing Akt were selected by culturing
them in medium containing G418. Apoptosis was induced in control
PC12 (Neo-21) and the Akt clone by exposing them to serum-free
medium for 72 h, and the viable cells were counted. Alternatively, the
cells in regular medium were UV-irradiated (32 J/M?), and 24 h later,
the viable cells were counted. Cells were cultured in 6 X 35-mm wells
coated with poly-L-lysine for transfection studies.

Isolation of Total RNA and Real-time Quantitative RT-PCR—Control
and Akt-overexpressing PC12 cells were cultured in regular medium.
Total RNA was isolated from these cells using TRIzol reagent (Life
Technologies, Inc.) as per the manufacturer’s protocol. RNA samples
were further purified by DNase digestion and extraction with phenol
and chloroform. The mRNA for Bel-2 was measured by real-time quan-
titative RT-PCR using PE Applied Biosystems prism model 7700 se-
quence detection instrument. The sequences of forward and reverse
primers as designed by Primer Express (PE ABI) were 5'-TGGGATGC-
CTTTGTGGAACT-3' and 5'-GAGACAGCCAGGAGAAATCAAAC-3’,
respectively. The TagMan™ fluorogenic probe used was 5'-6FAM-TG-
GCCCCAGCATGCGACCTC-TAMRA-3'. During PCR amplification, 5’
nucleolytic activity of Tag polymerase cleaves the probe separating the
5’ reporter fluorescent dye from the 8’ quencher dye (21, 22). Threshold
cycle, C,, which correlates inversely with the target mRNA levels, was
measured as the cycle number at which the reporter fluorescent emis-
sion increases above a threshold level. The Bcl-2 mRNA levels were
corrected for 18 S ribosomal RNA, which was measured using a kit
(PEABI, P/N 4308310) from Perkin-Elmer as per the manufacturer’s
protocol. :

Immunoblotting—PC12 cells cultured in poly-L-lysine-coated 60-mm
dishes under appropriate conditions were washed twice with ice-cold
PBS, and the cell lysates were prepared. Protein content of lysates was
measured (23), and appropriately diluted samples (containing equal
amounts of protein) were mixed with 2X Laemmli sample buffer con-
taining 100 mM dithiothreitol. The proteins resolved on a 12% SDS-
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polyacrylamide gels were transferred to polyvinylidene difluoride mem-
branes. After blocking with Tris-buffered saline with Tween (20 mM
Tris-HC1 (pH 7.9), 8.5% NaCl, and 0.1% Tween 20) containing 5%
non-fat dry milk at room temperature for 1 h, the blots were treated
with the primary antibody in blocking buffer at 4 °C overnight. The
blots were washed with blocking buffer and incubated with anti-rabbit
IgG conjugated to alkaline phosphatase for 1 h at room temperature.
After further washes with blocking buffer and with 10 mm Tris-HCI (pH
9.5), 10 mm NaCl, 1 mm MgCl,, the blots were developed with CDP-Star
reagent (New England Biolabs) and exposed to x-ray film.

Transfection Procedure—Transient transfections were carried out by
the procedure described earlier using LipofectAMINE Plus reagent
(Life Technologies, Inc.) (13). The cells were cultured to around 70%
confluence in 6 X 35-mm plates. One pg of plasmid, 3 ul of Plus reagent,
and 10 pg of LipofectAMINE reagent were used for each well. To
normalize the transfection efficiency, the plasmid containing g-galac-
tosidase gene driven by SV,, promoter was included. DNA and the
LipofectAMINE reagent diluted in 100 gl of serum and antibiotic-free
medium were mixed together and incubated at room temperature for 30
min. After washing the cells with PBS, 800 ul of serum and antibiotic-
free medium was added. The plasmid and LipofectAMINE mixture was
added to each well and incubated for 5 h. Then the cells were cultured
in regular medium for 24 h before appropriate treatment. The cells were
washed with cold PBS and lysed with 100 ul of reporter lysis buffer.
After freezing and thawing, the lysate was centrifuged at 14,000 rpm
for 30 min to collect the supernatant. Luciferase was assayed using the
enhanced luciferase assay kit (Pharmingen) on a Monolight 2010 lumi-
nometer. The B-galactosidase assay was carried out as described earlier
(13). Statistical analysis was performed by Student’s ¢ test.

RESULTS

Modulation of PI 3-Kinase Impacts Basal and IGF-I-stimu-
lated Bcl-2 Promoter Activity—To investigate the role of PI
3-kinase in the regulation of Bel-2 expression, PC12 cells trans-
fected with a Bel-2 promoter construct containing a CRE site
were treated with the PI 3-kinase inhibitor 1.Y294002. There
was a 45% decrease (p < 0.01) in the reporter activity in the
presence of the inhibitor (Fig. 14), suggesting a positive role for
PI 3-kinase. To confirm these observations, a series of transient
transfections with constitutively active p110 subunit and the
dominant negative p85 subunit of PI 3-kinase were carried out.
Fig. 1B demonstrates the ability of PI 3 kinase activation to
augment basal and IGF-I-stimulated Bel-2 promoter activity.
The basal activity increased by 2.3-fold in the presence of p110,
whereas it was decreased to 56% of control by A p85. IGF-I-
mediated regulation of Bcl-2 promoter activity was similarly
affected. These observations indicate that IGF-I-induced Bcl-2
expression proceeds in part through activation of PI 3-kinase.
Rapamycin did not inhibit the Bcl-2 promoter activity (Fig. 14),
suggesting a role for Akt rather than p70 s6 kinase in mediat-
ing PI 3-kinase action.

Full activation of Akt is known to require phosphorylation on
Thr-308 by PDK-1, a kinase downstream of PI 3-kinase (1). We
therefore examined the impact of PDK1 and dominant negative
PDK1 on Bcl-2 promoter activity. Cotransfection of PC12 cells
with PDK1 resulted in a 2.0-fold increase in reporter activity
(Fig. 1C). The increase in reporter activity by PDK1 was fur-
ther enhanced 66% by IGF-I, probably due to its induction
through p388 MAPK mediated pathway (13). In contrast, ki-
nase dead PDK1 decreased basal and IGF-I-mediated reporter
activity by 37 and 62%, respectively. These data demonstrate
important roles for PI 3-kinase and PDK1 in the transcrip-
tional regulation of Bel-2 expression.

Akt Regulation of Bel-2 Expression Requires CREB—Akt is
one of the downstream targets of PI 3-kinase signaling. Du and
Montminy (15) recently reported the positive regulation of
CREB activity by Akt. To explore whether Akt regulation of
Bcl-2 required CREB, we examined the impact of dominant
negative form of CREB, KCREB, on the Akt-stimulated Becl-2
promoter activity. As shown in Fig. 24, Akt-stimulated Bcl-2
reporter activity is decreased by KCREB. However, KCREB did
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Fic. 1. Activation of Bcl-2 promoter by PI 3-kinase signaling
pathway. PC12 cells cultured to 70% confluence in 6 X 35-mm wells
were transfected with Bel-2 reporter construct, pRSV B-galactosidase,
and indicated plasmids (1 pg of total plasmids, 3 ul of plus reagent, and
10 pg of Lipofect AMINE reagent/well). The reporter was cotransfected
(B and C) with constitutively active catalytic subunit (p110) and dom-
inant negative regulatory subunit (Dp85) of PI 3-kinase, wild type
PDK1, and kinase dead PDK1 (KDPDK1). 24 h after transfection, the
cells were treated with LY294002 (LY; 40 um) and rapamycin (Rapa; 10
ng/ml) (A) and IGF-I (100 ng/ml; B and C) as indicated for another 24 h.
The inhibitors were added to the culture medium the second time after
12 h. Cell lysates were prepared and assayed for luciferase and B-ga-
lactosidase. The values represent mean = S.E. of observations from four
independent experiments, each carried out in duplicate.

not completely block Akt-mediated activation of the reporter.
This could be due to the CREB-independent component in the
activation of Bcl-2 promoter (14). In our previous study, we
observed that the promoter retained modest activity after de-
letion or mutation of the CRE site (13). Furthermore cotrans-
fection of the reporter with the dominant negative Akt (T308A;
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Fic. 2. Modulation of Bcl-2 expression by Akt through CREB.
PC12 cells cultured to around 70% confluence were transfected with a
CRE site-containing Bcl-2 reporter construct along with wild type Akt,
dominant negative Akt (Akt(neg); T308A; S473A), wild type PDKI, and
KCREB as indicated for 5 h in serum and antibiotic-free medium
followed by culturing in regular medium. One day later, the transfected
cells were exposed to IGF-I (100 ng/m)) for another 24 h. Luciferase and
B-galactosidase were assayed in the cell lysates. Values are means +
S.E. of four independent experiments.

S473A) decreased basal and IGF-I-stimulated luciferase activ-
ity by 40% (p < 0.01) (Fig. 2B). These data support a role for the
PI 3-kinase/PDK1/Akt/CREB pathway as a second signaling
pathway important for IGF-I regulation of bcl-2 gene expres-
sion. However PDK1 is known to have potential targets such as
p90rsk and protein kinase C isoforms in addition to Akt that
are capable of activating CREB. Hence we examined the effect
of dominant negative Akt on PDK1-mediated induction. We did
observe that PDK1 mediated stimulation of Bcl-2 promoter
activity in the absence and presence of IGF-I to be decreased by
51 and 48%, respectively, when the dominant negative Akt was
included in the cotransfection experiments. The possibility of
PDK1 modestly activating Bel-2 promoter through other path-
ways involving p90rsk and protein kinase C isoforms cannot be
ruled out. Further studies are needed to explore these path-
ways in detail.

Increased CREB Activity and Bel-2 Expression in PC12 Cell
Line-expressing Akt—The results of previous experiments
clearly demonstrated that Akt-mediated signaling activates
Bcl-2 promoter through CREB, and this transcription factor
needs to be phosphorylated for its activation. We therefore
examined whether CREB phosphorylation on Ser-133 activa-
tion site is increased in PC12 cells expressing myristoylated
Akt. We noted a significant (90%; p < 0.01) increase in CREB
phosphorylation in these cells in the absence of IGF-I (Fig. 3, A
and B). When these cells were treated with IGF-I (100 ng/ml)
for 10 min, CREB phosphorylation increased from 2.2-fold in
control cells to 2.9-fold in Akt-expressing cells. This enhanced
PCREB formation could be due to growth factor action through
p38B MAPK-mediated pathway as shown in our previous study
(13). The CREB protein levels did not change significantly
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Fic. 3. Increased CREB activity and Bel-2 expression in PC12 cells expressing Akt. A and B, control and Akt-expressing PC12 cells were
cultured to 80% confluence in 60-mm dishes and then maintained in serum-free medium for 5 h. They were treated with the indicated
concentrations of IGF-I for 10 min. The cells were washed with ice-cold PBS, and the cell lysates were prepared. Diluted cell lysates with equal
protein content were mixed with 2X Laemmli sample buffer followed by sonication. The protein samples were electrophoresed and immunoblotted
for phospho CREB (PCREB) and CREB. The blots were scanned, and the intensities of bands were quantitated using the Bio-Rad software
Quantity One (B). C, control and Akt-expressing PC12 cells were transfected with a Bel-2 reporter construct along with pRSV B-galactosidase for
5 h in serum and antibiotic-free medium. After 24 h of transfection, the transfected cells were exposed to media containing the indicated
concentrations of serum in the absence and presence of IGF-I for another 24 h. A luciferase assay was carried out in the cell lysates and corrected
for transfection efficiency by measuring the activity of B-galactosidase. The values are means * S.E. of observations from four independent
experiments. D, control and Akt-expressing PC12 cells cultured to 80% confluence were transferred to a low serum medium (0.1% fetal bovine
serum and 0.05% heat-inactivated serum) in the absence and presence of IGF-I (100 ng/ml). After washing the cells with ice-cold PBS, TRIzol
reagent was added to the cells, and total RNA was isolated. The Bcl-2 mRNA level was measured in these cells by real-time quantitative RT-PCR
using the TagMan™ fluorogenic probe system by PE Applied Biosystem.

under different experimental conditions (Fig. 3B). Hence Akt TaBLE I
seems to activate CREB at the post-translational level. We next ~ Serum withdrawal-mediated and UV- -iziuced apoptosis in PCI12 cells
expressing Akt

examined the CREB activity in the cells expressing Akt using

a luciferase reporter driven by a CRE site-containing Bcl-2
promoter. The promoter activity was elevated in Akt cells both
in the absence and presence of IGF-I (Fig. 3C), correlating with
the increased CREB phosphorylation observed in the previous
experiment (Fig. 3A). Interestingly, culturing transfected con-
trol cells in low serum medium resulted in a 40% decrease in
promoter activity, whereas cells expressing Akt maintained its
activation in the presence of low serum (Fig. 3C). Similar
results were obtained with a luciferase reporter driven by four
tandem repeats of CRE sites (results not shown). Furthermore,
PC12 cells expressing Akt were found to have increased sur-
vival after serum withdrawal and exposure to UV (Table I).
After 72 h of culture in serum-free medium, the survival rate
was as high as 86% in the Akt clone as compared with 26%
control cells. In addition, Akt increased survival in UV-exposed
PC12 cells to 76% from 38% seen in control cells.

Data from the studies described above demonstrate the im-
pact of PI 3-kinase/PDK1/Akt on the luciferase reporter con-

PC12 cells expressing the vector LNCX (Neo-21) or LNCX-Myr-Akt
were cultured in Dulbecco’s modified Eagle’s medium without serum for
72 h, after which the viable cells were counted. The cell survival rate
was expressed as percentage of viable cells that has been cultured in
Dulbecco’s modified Eagle’s medium containing 1% horse serum. Fur-
thermore, the above mentioned clones were UV-irradiated (32 J/m2),
and after 24 h, the viable cells were counted. The data are presented as
percentage of viable cells in a control culture without radiation. The
results are the mean * S.E. of three independent experiments.

Cell survival

Serum-free uv
% of control
Neo-21 26.0 > 9.9 379+ 114
Akt 86.2 * 14.5¢ 75.6 + 14.2°

< 0.01 vs. Neo-21.

struct driven by Becl-2 promoter. To confirm the role of Akt in
the up-regulation of endogenous Bel-2 expression, we used the
PC12 cell line overexpressing constitutively active myristoy-

-
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lated Akt. We measured Bcl-2 mRNA levels in these cells by a
sensitive real-time quantitative RT-PCR using the TagMan™
fluorogenic probe system. Applied Biosystems prism model
7700 sequence detection instrument was used to measure the
reporter fluorescence emission. As shown in Fig. 3D, there is a
2.1-fold increase in Bcl-2 mRNA level in Akt clone as compared
with the control vector-only clone. Treatment of these cells with
100 ng/ml IGF-I increased the Bcl-2 mRNA level further to
3.0-fold, which could be due to IGF-I action through p383
MAPK (13). This experiment clearly provides a physiological
relevance to the significance of Akt-mediated CREB activation.

DISCUSSION

Great insight has been gained over the recent few years
regarding the mechanism of neuronal programmed cell death
and the ability of growth factors to serve as anti-apoptotic
agents. The majority of the data has suggested post-transla-
tional modification of the apoptotic machinery (7). The impor-
tance of PI 3-kinase and Akt for these effects has been reported
by a number of groups (3, 4). The present study defines an
additional critical regulatory function for Akt involving tran-
scriptional regulation of the anti-apoptotic protein Bcl-2. We
recently reported the induction of Bcl-2 by IGF-I through a
novel signaling pathway mediated by MAP kinase kinase

' 6/p383 MAP kinase/MAP kinase-activated protein kinase-3

(13). Now we identify an additional pathway involving Akt for
IGF-I-mediated activation of Bcl-2 promoter.

Regulation of neuronal survival by growth factors is known
to proceed through the PI 3-kinase-mediated signaling (3). Low
potassium-induced apoptosis in cerebellar granule neurons has
been shown to be prevented by synthetic lipid products of PI
3-kinase when added to the culture medium (24). Downstream
of this kinase, two signaling pathways involving Akt and p70
s6k have been identified. Dudek et al. (3) show that dominant
negative Akt is able to induce apoptosis in rat cerebellar gran-
ular neurons, and rapamycin, an inhibitor of p70 s6 kinase,
does not block insulin-mediated promotion of cell survival (3).
Expression of a myristoylated Akt, the active form in immor-
talized rat hippocampal neuronal cells, leads to increased sur-
vival against apoptotic signal (25).

Akt-mediated phosphorylation of cytosolic proteins such as
glycogen synthase kinase-3 and Bad is known to play a critical
role in the regulation of metabolic pathways as well as preven-
tion of cell death by insulin and growth factors (7). Recent
studies indicate that Akt can regulate gene expression at the
transcriptional level, suggesting a nuclear site of action. Akt
increases the expression of GLUT1 in hepatoma cells (26) and
leptin in adipocytes (27). Interleukin-2-mediated Akt activa-
tion in BAF/3 cells results in increased expression of Bcl-2.
Furthermore, forkhead transcription factor has been identified
as a nuclear target for Akt (28-32). It is known to induce
insulin-like growth factor-binding protein-1 by stimulating its
promoter activity. Akt has been shown to phosphorylate fork-
head transcription factor at Thr-24, Ser-256, and Ser-319, the
consensus phosphorylation sites both in vitro and in vivo (29).
This covalent modification leads to the nuclear exclusion of
forkhead transcription factor, leading to negative regulation of
forkhead transcription factor -responsive genes by Akt (28).

Studies have indeed shown that this protein kinase can
translocate to nucleus (33-35). Akt/protein kinase B is first
translocated to the plasma membrane, where it is activated
following phosphorylation on Thr-308 and Ser-473. Subse-
quently, Akt can be translocated to the nucleus. Meier et al.
have demonstrated by confocal microscopy the nuclear trans-
location of Akt 20—-30 min after mitogenic stimulation (34).
Significant to our present study, it has been demonstrated that
myristoylated Akt, which is membrane-directed, can also un-

dergo partial nuclear localization (35), whereas Akt construct
having both myristoylation and palmitoylation signals does not
(34). The probable explanation for the difference seems to be
that they anchor to the plasma membrane with different levels
of affinity. We were able to observe increased CREB activity
in PC12 cells expressing Akt with a myristoylation signal
(Fig. 30C).

The transcription factor CREB has also been identified as a
target for several signaling pathways mediated by growth fac-
tors. Nerve growth factor is known to increase CREB phospho-
rylation through Ras/MAP kinase kinase/extracellular-regu-
lated kinase/Rsk2 (36). Fibroblast growth factor and IGF-I
induce CRE site- containing promoters by activating p38
MAPK and MAPKAP-K2/3 (13, 37). IGF-I-stimulated CREB
phosphorylation in PC12 cells is decreased by wortmannin, an
inhibitor of PI 3-kinase, but not by rapamyecin, an inhibitor of
p70 s6k, suggesting that Akt is likely to be involved in CREB
activation (16). In a recent study, Du and Montminy (15) dem-
onstrated that Akt/protein kinase B stimulates the phospho-
rylation of CREB on serine 133 and promotes the recruitment
of the coactivator CREB-binding protein (15). They also showed
that Akt-mediated induction of CRE-driven gene expression is
blocked by a serine to alanine mutation at position 133 using
the Gal4 CREB system. In the present investigation, we fur-
ther demonstrate the physiological importance of this signaling
pathway in the activation of an endogenous CRE site-contain-
ing Bcl-2 promoter. When the luciferase reporter construct
driven by Bcl-2 promoter was cotransfected with p110, PDK1,
and Akt, there was significant stimulation of basal and IGF-I-
induced luciferase activity. The dominant negative forms of the
regulatory subunit of PI 3-kinase, Ap85, and Akt were able to
decrease the promoter activity, suggesting that growth factor-
mediated signaling through PI 3-kinase/PDK1/Akt could be
involved in the induction of Bcl-2 expression. Hence Akt seems
to promote cell survival through inactivation of Bad by phos-
phorylation and up-regulation of Bcl-2 by transcriptional
activation.
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We' identified Ark, the mouse homolog of the re-
ceptor tyrosine kinase Axl (Ufo, Tyro7), in a screen
for novel factors involved in GnRH neuronal migra-
tion by using-differential-display PCR on cell lines
derived at two windows during GnRH neuronal de-
velopment. Ark is expressed in Gn10 GnRH cells,
developed from a tumor in the olfactory area when
GnRH neurons are migrating, but not in GT1-7
cells, derived from a tumor in the forebrain when
GnRH neurons are postmigratory. Since Ark (Axl)
signaling protects from programmed cell death in
fibroblasts, we hypothesized that it may play an
antiapoptotic role in GnRH neurons. Gn10 (Ark
positive) GnRH cells were more resistant to serum
withdrawal-induced apoptosis than GT1-7 (Ark
negative) cells, and this effect was augmented with
the addition of Gas6, the Ark (Axl) ligand. Gas6/Ark
stimulated the extracellular signal-regulated Kki-
nase, ERK, and the serine-threonine kinase, Akt, a
downstream component of the phosphoinositide
3-kinase (PI3-K) pathway. To determine whether
ERK or Akt activation is required for the antiapop-
totic effects of Gas6/Ark in GnRH neurons, cells
were serum starved in the absence or presence of

0888-8809/99/$3.00/0
Molecular Endocrinology
Copyright © 1999 by The Endocrine Society

191

Gas6, with or without inhibitors of ERK and PI3-K
signaling cascades. Gas6 rescued Gn10 cells from
apoptosis, and this effect was blocked by coincu-
bation of the ‘cells with the mitogen-activated pro-
tein/ERK kinase (MEK) inhibitor, PD98059, or wort-
mannin (but not rapamycin). These data support an
important role for Gas6/Ark signaling via the ERK
and PI3-K (via Akt) pathways in the protection of
GnRH neurons from programmed cell death across
neuronal migration. (Molecular Endocrinology 13:
191-201, 1999)

INTRODUCTION

GnRH Neurons: A Model of Tightly Controlled
Neuronal Migration across Embryogenesis

GnRH is the hypothalamic releasing hormone that
controls pituitary gonadotropin subunit biosynthesis
and, ultimately, reproductive function (1). The GnRH
neuronal population is unique, in that 800-1000 neu-
rons migrate from the olfactory placode to the fore-
brain across embryogenesis in the rodent (2-5). The
neurons migrate adjacent to olfactory neurons, but
then diverge to reach their final destination in the hy-
pothalamus. GnRH neurons innervate the anterior
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pituitary and deliver an episodic pattern of hormone
signaling to the gonadotropes that ultimately leads to
normal reproductive function (1). Failure of this tar-
geted GnRH neuronal migration results in failure of
sexual maturation and GnRH deficiency syndromes
(6-7). In the human, the X-linked form of GnRH defi-
ciency has been found to result from a defect in the
KAL gene, which encodes a neural cell adhesion mol-
ecule expressed in cells adjacent to GnRH neurons
(8-10). The molecular defects for other forms of GnRH
deficiency are unknown due, in part, to the lack of
information concerning the factors that control GnRH
neuronal migration.

GnRH Neuronal Cell Lines: Models to Study
GnRH Expression

Our ability to directly study GnRH gene expression
was advanced by the development of GnRH-produc-
ing cell lines. Mellon and colleagues (11) used the rat
GnRH promoter fused to the SV,, T antigen in trans-
genic animals to target immortalization of the GnRH
neuronal population. One animal developed a tumor in
the forebrain, a time when GnRH neurons are postmi-
gratory. The GT cell lines were derived from that tumor
and produce large amounts of GnRH mRNA and pro-
tein (12). Similarly, Radovick and co-workers (13) used
the human GnRH promoter fused to the SV, T antigen
in transgenic mice. An animal developed a GnRH neu-
ronal tumor in the olfactory area, a locus for migrating
GnRH neurons. The resultant Gn10, Gn11, and NLT
cell lines express low levels of GhRH mMRNA and pro-
tein (Ref. 13, and M. E. Wierman, unpublished obser-
vations). Based on the divergent phenotypes of the
two neuronal cell lines, we hypothesized that by using
the technique of differential display PCR, we could
identify novel factors involved in GnRH neuronal mi-
gration and/or gene expression (14). We reasoned that
GT1-7 cells would express factors resulting in high
level GnRH expression and a postmigratory status.
Conversely, Gn10 cells would express factors involved
in GnRH neuronal migration and factors that repress
GnRH expression (or lack activators of gene expres-
sion). Gn8-01 is a cDNA clone characterized in this
screen from Gn10 cells and was identified as Ark, a
membrane receptor tyrosine kinase that may play a
role in GnRH neuronal migration, gene expression,
and protection from apoptosis.

Ark (Axl): Role in Protection from Apoptosis

Ark is a mouse protein identified during a screen for
homologs of the BEK fibroblast growth factor receptor
(15). Ark and its human homolog, AxI, Ufo, or Tyro7
(16-18), are members of a new family of receptor
tyrosine kinases that includes Tyro3 (with many alter-
native names) (17, 19) and Mer (20). This family is
unique in that the N-terminal, extracellular portion of
the molecule contains two Ig-like repeats and two
fibronectin type lll repeats (15-20). This combination
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of structural elements has been classically observed in
cell adhesion molecules or receptor tyrosine phospha-
tases, but not in receptor tyrosine kinases. Although
initially isolated as candidate growth factor receptors,
members of the Ark (Axl) family are not mitogenic
unless they are overexpressed at high levels in tumor
cell lines (21-22). Some have suggested the impor-
tance of the extracellular domain of Ark in cell-cell
adhesion due to its ability to induce homophilic bind-
ing independent of ligand in fibroblasts (21), although
others have not shown an effect independent of ligand
using Axl expressing 32D cells (23). The nuclear tran-
scription factors and gene targets downstream in the
Ark-signaling pathway have not been identified.

Gas6/Ark Signaling in Other Systems Protects
from Programmed Cell Death

Recently, the ligand for Ark (Axl) and Tyro3 was iden-
tified as Gas6, a gene induced after growth arrest of
fibroblast cells in culture (24-26). Gas6 is a soluble,
vitamin K-dependent protein with homology to protein
S (24-26). Studies have suggested the importance of
Gasb6/Axl-induced chemotaxis of 32D and vascular
smooth muscle cells (23, 27). Additional studies show
that Gas6/Ark or Axl signaling reduces the rate of
programmed cell death in fibroblasts (28-29). We were
intrigued by the identification of Ark in Gn10 GnRH
neuronal cells, which were derived from migrating
GnRH neurons, and hypothesized that Ark (Ax]) may
play a role in protection of the GnRH neuronal popu-
lation from apoptosis during their migration into the
forebrain. Thus, we designed experiments in the two
divergent GnRH-producing cell lines to address the
role of Gas6/Ark (Axl) signaling during neuronal cell
death and the pathways that are activated in this
process.

Pathways Involved in Neuronal Apoptosis

The downstream signaling cascades involved in apo-
ptosis are a focus of active investigation. Many of the
pathways are similar among cell types, but some cell-
specific pathways have been identified. Studies have
shown the importance of the extracellular signal-reg-
ulated kinase (ERK) pathway in rescue from cell death
(380-35). It is unclear however, whether the activation
of ERK is to trigger mitogenesis and thereby indirectly
regulate apoptosis or to act directly in this process
(28). Studies have also shown the importance of Akt
[also called protein kinase B (PKB) and related to A
and C protein kinase (RAC-PK)], a downstream com-
ponent of the phosphoinositide 3-kinase (P13-K) path-
way, in the protection of cells from apoptosis (36-41).
Recently, investigators have demonstrated that Akt
phosphorylates the BCL-2 member, BAD, deactivating
its proapoptotic actions (42). In addition to antiapop-
totic signaling cascades, stress-activated proapop-
totic pathways converge in activation of p38 mitogen-
activated protein (MAP) kinase in neuronal cells (43).
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Inhibitors of p38 have been shown to protect from
various triggers of programmed cell death (43). With
this background, we examined which of these path-
ways may be involved in Gas6/Ark signaling in GnRH
neuronal cells.

RESULTS

The Ark Tyrosine Kinase Receptor mRNA and
Protein Are Expressed in Gn10 and Not GT1-7
Neuronal Cells

To confirm that Ark mRNA and functional Ark protein
were expressed in GnRH neuronal cells from which the
clone Gn8-01 was isolated, Northern and Western
blots from each neuronal cell line were performed. The
full-length mouse Ark cDNA was used to probe the
Northern (15). An Ark-specific antisera, no. 318, which
recognizes the Ark extracellular domain (21), was used
to detect the Ark protein. Figure 1 shows the presence
of the Ark 3.4-kb mRNA and the 120-140 kDa protein
doublet in the Gn10, but not in the GT1-7 neuronal
cells. [Additional studies showed that neither neuronal
cell line contains detectable levels of Gasé mRNA or
protein (data not shown).]

Ark-Positive Gn10 Neurons Are More Resistant to
Growth Factor Withdrawal- Induced Apoptosis
than Ark-Negative GT1-7 Cells

Prior experiments in fibroblast cell lines demonstrated
that Gas6/Ark (AxI) signaling is important in protecting
or rescuing cells from programmed cell death induced
by serum withdrawal (28, 29). This finding prompted us
to determine whether a similar function is important in
GnRH neuronal cells. If Ark expression and activation
protect neurons from apoptosis, then the Gn10 (Ark
positive) cells might be more resistant than GT1-7 (Ark
negative) neurons to growth factor withdrawal, a stan-
dard paradigm to trigger apoptosis. To test this hy-
pothesis, the GT1-7 and Gn10 cells were grown under
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34kb > b = 1 20100

Fig. 1. Ark Is Expressed in Gn10 and Not GT1-7 Neuronal
Cells

Twenty micrograms of total RNA from each neuronal cell
line were separated by electrophoresis on a 1.4% agarose
gel, transferred to nitrocellulose, and hybridized with a radio-
labeled Ark cDNA. The 3.4-kb mRNA is Ark. Total cell lysates
of the two neuronal cells were separated by electrophoresis
on a 10% SDS-PAGE gel, transferred to PVDF, and probed
with the No. 318 Ark antisera. The arrow indicates the 120- to
140-kDa Ark protein.
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normal conditions and then changed to serum-free
media. Various times after serum withdrawal (2-72 h),
cells were stained for condensed, hyperchromatic nu-
clei using the Hoescht stain (33258). Gn10 GnRH neu-
rons were less sensitive to serum withdrawal than
GT1-7 cells. At baseline, they exhibited a low rate of
apoptosis (2.2%) that did not increase over the first
24 h and then gradually increased to 7.3% and 12.4%
at 48 and 72 h, respectively. In contrast, GT1-7 GnRH
neurons were more sensitive to growth factor removal.
They showed a basal level of apoptosis of 2.9%. This
increased to 13.8%, 42.3%, and 41.2% at 24 h, 36 h,
and 48 h, respectively. When serum was removed,
both neuronal cells lost their ability to remain attached
to the tissue culture dishes, which was partially pre-
vented by culturing on polylysine-coated slides.

To further map the time course of sensitivity to
serum withdrawal, both neuronal cells were placed
in serum-free conditions, and cells were stained at
various time intervals with acridine orange/ethidium
bromide to detect apoptotic nuclei as orange-red
condensed fragments (Fig. 2). In this assay, cells are
lifted, thereby capturing both attached and de-
tached cells. In GT1-7 cells, the basal level of apo-
ptosis in serum was 2.1% and was similar at 3% at
8 h after serum withdrawal, but then increased to
28%, 35%, and 38% at 24 h, 48 h, and 72 h. In
contrast in Gn10 neuronal cells, the basal rate of
apoptosis was 2% and was stable over the first 24 h
of serum withdrawal (2.1% and 2.5%). The levels of
apoptosis then increased gradually over the next 2
daysto 10.6% and 13% at 48 and 72 h (Fig. 2). Thus,
there was a clear dichotomy between Ark-positive
Gn10 and Ark-negative GT1-7 cells in apoptotic
rates after serum deprivation. We hypothesize that
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Fig. 2. Gn10 Cells Are More Resistant to Serum Deprivation-
Induced Programmed Cell Death Than GT1-7 GnRH Neuro-
nal Cells

Numbers of apoptotic cells were determined by ethidium
bromide/acridine orange staining at various times after cells
were placed in serum-free media.




MOL ENDO - 1999
194

Ark is one of many factors contributing to the dif-
ferences between the two GnRH neuronal cell lines
that may play a role in the regulation of programmed
cell death in GnRH neurons.

Gas6/Ark Activation Triggers Multiple Signaling
Cascades in GnRH Neuronal Cells

To explore the intracellular pathways by which Gas6/
Ark might modulate the sensitivity to apoptosis in
GnRH neurons, we asked whether rhGas6 triggered
changes in the activation of ERK and Akt. ERK1 and
ERK2 are components of the MAP kinase pathway
known to be critical in mitogenic as well as antiapop-
totic signaling in certain cell systems (30-31, 44). Akt
is a downstream component of the PI3-K pathway,
known to be activated by growth factors and to pro-
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tect cells from apoptotic stimuli (30, 36, 38-41, 45).
Phosphorylation of these proteins, as detected by
phospho antisera, is correlated with their activation.
GT1-7 and Gn10 cells were grown in the presence or
absence of serum (48 h), and Gn10 cells were stimu-
lated with rhGas6, 400 ng/ml, for various periods of
time. Whole-cell lysates were analyzed by Western
blot and probed with antisera specific for phospho-
ERK and ERK (Fig. 3A) or phospho-Akt and Akt (Fig.
3B). Of interest, GT1-7, Ark-negative, cells grown in
serum had lower levels of activated ERK and Akt than
Gn10, Ark-containing neurons, and levels did not
change with serum withdrawal (lanes 1 and 2 vs. lanes
3 and 4, panels A and B). However, in the presence of
serum, Gn10 neuronal cells have relatively high levels
of active ERK and Akt (lanes 3 and 5, panels A and B).

A
— <= phospho-Erk
gggg 301510204060 min
S i S - + + + + + + 1hGas6(400ng/ml)
S e 3 & 2 —
@ ¥ =1 =
g 5 g B 5 Gn10 neurons

R = .

& °E°, serum starved for 48 hr

=3
——— - s s e <— phOSphO-Akt
Q Q@ Q@ Q o 0 1 5 10 2040 60 min
4 4 B B =)
L, o °© = _ 4+ 4+ + + + + rhGas6(400ng/ml)
T — |
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Fig. 3. Gas6/Ark Activation Is Associated with Activation of ERK and Akt

GT1-7 and Gn10 cells were grown in serum or serum starved for 48 h (left), and Gn10 cells were then treated with vehicle or
rhGas6 (400 ng/ml) for 1-60 min (right). Cell lysates were separated by electrophoresis, transferred to PVDF, and incubated with
antisera specific for phospho-ERK, ERK (panel A), or phospho-Akt and Akt (panel B). Results are shown from a representative
experiment from three to five performed. Panel C shows phosphorylation of histone H2B by Akt in response to rhGas6 (400 ng/ml)

for 1-20 min.

)
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Serum withdrawal decreased levels of phospho-ERK
and Akt in the Gn10 cells with more dramatic effects
on ERK. In Gn10 cells, addition of rhGas6 under se-
rum-free conditions stimulated ERK (13-fold) and Akt
(1.5-fold) (P < 0.05) activity with no significant effect
on ERK or Akt levels. The activation of ERK was rapid
and returned to a baseline higher than control by 60
min. The activation of Akt was rapid but transient,
reaching a maximum at 5 min and returning to basal by
20 min.

To confirm the increases in levels of phospho-Akt by
Gas6, an alternative assessment of Akt activity was
made by testing its ability to phosphorylate the sub-
strate histone H2B in animmunocomplex kinase assay
(40). Gn-10 cell lysates were harvested after exposure
to serum or after serum withdrawal in the absence or
presence of rhGas8. Figure 3C shows a rapid 2.3-fold
increase in the phosphorylation of histone H2B by Akt
at 5 min after addition of rhGas6 with a rapid return to
basal levels. These data confirm that Gas6/Ark (Axl)
signals through Akt in Gn10 cells.

The activity of p38 MAP kinase was also assessed in
the neuronal cells, as it has recently been shown to
trigger neuronal apoptosis (43) and was expected to
be inhibited by Gas6 (Fig. 4). The activity of p38 MAP
kinase was undetectable in Gn10 neurons after 48 h of
serum deprivation in the absence or presence of
rhGas6. This lack of activity was observed despite
fairly high basal concentrations of the enzyme (Fig. 4).
Together, these data suggest the potential importance
of the ERK and PI3-K pathways and not p38 MAP
kinase to transmit the Ark (Axl) signal in GnRH neuro-
nal cells.

The Mitogen-Activated Protein/ERK Kinase (MEK)
Inhibitor, PD98059, Blocks ERK Activation by
Gas6

To test the hypothesis that activation of the ERK path-
way is involved in Gas6/Ark rescue from neuronal pro-

«m»  <«— Phosphop38

<«— p38

——

" thGas6(400 ng/ml)

ged aAm0R

Fig. 4. Serum Deprivation and Gas6é Do Not Activate p38
MAP Kinase in Gn10 Neuronal Cells

Gn10 cells were grown in serum-free media for 48 h and
then treated with vehicle or rhGas6 (400 ng/ml) for 10 min.
Cell lysates were separated by electrophoresis, transferred to
PVDF, and incubated with antisera specific for phospho-p38
MAP kinase and p38 MAP kinase. Lane 5 contains active p38
as a control.
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grammed cell death, Gn10 cells were grown in serum
or in serum-free media for 48 h. Cells were treated with
vehicle, rhGas6 (400 ng/ml, 5 min), or IGF-I (100 ng/ml,
15 min). Some cells were preincubated with the MEK
inhibitor, PD98059, which blocks upstream of ERK
(81, 43), for 1 h before the addition of rhGas6. Cell
lysates were analyzed by Western blot with ERK and
phospho-ERK antibodies. Serum deprivation de-
creased the levels of activated ERK in the neuronal
cells (Fig. 5, lanes 1 and 2), while rhGas6 triggered a
10- to 20-fold increase in levels of phospho-ERK at 5
min (lane 3). The stimulation of ERK by rhGas6 was
greater than that achieved by addition of IGF-I in these
neuronal cells (IGF-I, 2-fold stimulation, lane 4). The
activation of ERK by rhGas6 or IGF-I was blocked in
the presence of the MEK inhibitor, PD98059, to below
that in unstimulated cells (lanes 6 and 7). There were
no changes observed in total ERK levels after rhGas6
addition.

Inhibitors of the ERK Pathway Block Gas6/Ark
Protection from Neuronal Apoptosis

To investigate the importance of the ERK-signaling
pathway in Gas6/Ark protection of GnRH neuronal
cells during serum withdrawal-induced cell death,
Gn10 cells were grown in serum-free media in the
presence or absence of rhGas6 (400 ng/ml) with or
without the MEK inhibitor, PD98059 (Fig. 6). Serum
withdrawal for 48 h resulted in an increase in apoptosis
as measured by Hoescht staining from 2.3% to 12.3%
(lanes 1 and 2). rhGas6 protected Gn10 cells from
programmed cell death, decreasing levels to 4.8%
(lane 3). Incubation of cells with the MEK inhibitor
alone had no effect on serum withdrawal induced ap-
optosis (lane 4); however, Gas6 protection was lost in

== ... <— phospho-ERK
A i — — — - <«— ERK2
€ - + - - o+ - thGas6 (400ng/m])
S . . % - - 4+  IGF-1(100ng/ml)
g . . . o+ 4 PD98059(201M)
E L 1

Gn10 neurons

serum starved for 48 hr

Fig. 5. The MEK Inhibitor, PD98059, Blocks ERK Activation
by Gas6

Gn10 cells were serum starved for 48 h and then treated
with rhGas6 (400 ng/ml) for 5 min or IGF-1 (100 ng/mi) for 15
min. In some cases, the cells were pretreated with PD98059
(20 um) for 1 h. Cell lysates were separated by electrophore-
sis, transferred to PVDF, and incubated with antisera specific
for phospho-ERK and ERK. Lane 1, Gn10 cells grown in
serum; lane 2, serum starved; lane 3, with rhGas6; lane 4,
with IGF-I; lane 5, with PD98059; lane 6, with rhGas6 and
PD98059; lane 7, with IGF-I and PD98059.
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Fig. 6. Inhibition of the ERK Pathway Blocks Gas6 Rescue
of Gn10 Neuronal Cells from Apoptosis

Gn10 cells were grown in serum-free media for 48 h in the
absence or presence of rhGas6 (400 ng/ml) and/or the MEK
inhibitor, PD38052 (20 um), or bisindolymaleimide (100 nm).
Apoptotic cells were counted by Hoescht staining. Results
are the mean * sem of three experiments. Lane 1, Baseline
apoptosis; lane 2, 48 h of serum deprivation; lane 3, with
rhGas6; lane 4, with PD98059; lane 5, with rhGas6 and
PD98059; lane 6, with rhGas6 and bisindolymaleimide.

the presence of the MEK inhibitor (lane 5). As another
control, there was no effect of bisindolymaleimide, an
inhibitor of the protein kinase C pathway (46), on Gas6
rescue of GnRH neuronal cells from growth factor
withdrawal-induced cell death (lane 6). These results
show the importance of the ERK pathway in Gas6/Ark
(Axl) antiapoptotic signaling in GnRH neuronal cells.
Recent studies suggested that ERK activation by
Gas6/Ark involves induction of mitogenesis that may
indirectly contribute to protection from apoptosis (28).
Therefore, Gn10 neuronal cells were grown in the
presence or absence of Gas6, and cell counts were
determined. There were no significant mitogenic ef-
fects of Gas6 in these neuronal cells as assessed by
cell counts (data not shown). Additional studies were
performed using BrdU incorporation in the absence or
presence of Gas6. Cells were serum starved for 24 h
and incubated in the presence or absence of rhGas6
(400 ng/ml) for 24 h. These studies also showed no
effect of rhGas6 on Gn10 neuronal cells to augment
BrdU incorporation (rhGas6 69.8 * 0.13% vs. serum-
starved control cells 100 = 0.12%). Together, these
experiments suggest that activation of the ERK path-
way during Gas6/Ark rescue from neuronal apoptosis
is not dependent on a mitogenic signal to trigger entry
into the cell cycle and support the direct role of the
pathway in protection from programmed cell death.

Wortmannin Blocks Akt Activation by Gas6é

To test whether Akt is also important in Gas6/Ark
protection of GnRH neurons from apoptosis, Gn10
neuronal cells were grown in serum-free media for 48 h
and then treated with vehicle, rhGas6, or IGF-| as a
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control growth factor stimulus. Some cells were pre-
incubated with wortmannin (1 um) to inhibit the PI3-K
pathway upstream of Akt (4). Cell lysates were ana-
lyzed by Western blot with phospho-Akt and Akt an-
tisera (Fig. 7). Growth factor withdrawal decreased,
but did not abolish, activated Akt levels (fower band,
lanes 1 and 2). rhGas6 addition, however, consistently
increased the levels of phospho-Akt by 5 min (fower
band, lane 3). The stimulation of Akt by rhGas6 was
comparable to the stimulation of Akt by IGF-I (Jower
band, lane 4). Wortmannin completely blocked the
stimulation of Akt by both rhGas6 and IGF-| (lanes 6
and 7). In addition, wortmannin lowered phospho-Akt
levels to below baseline, again supporting the impor-
tance of other factors in Gn10 cells that sustain an
activated PI3-K via Akt signal. No changes in the pro-
tein levels of Akt were observed in the various exper-
imental manipulations.

Inhibition of the PI3-K Pathway Blocks Gas6/Ark
Rescue of Gn10 GnRH Neurons from Serum
Withdrawal-Induced Apoptosis

To confirm that the changes observed in Akt activation
were directly relevant to Gas6/Ark protection from
neuronal apoptosis, Gn10 neurons were grown in se-
rum-free media in the absence or presence of wort-
mannin (100 nm), rapamycin (20 ng/ml), rhGas6 (400
ng/ml), or combinations of the above (Fig. 8). Gn10
cells exposed to growth factor withdrawal for 48 h had
an increased rate of apoptosis as determined by
Hoescht staining from 2.2% to 11.7% (lanes 1 and 2).
Incubation with rhGas6 partially rescued the Gn10
neurons from programmed cell death (5.4% at 48 h,
lane 3). Incubation of neuronal cells with wortmannin
resulted in higher levels of apoptosis (20.9%, lane 4)

— - = == <— phospho-Akt
L Sp—p———_y B Akt
@ -+ - -+ - thGas6(400ng/ml)
T - -+ - - 4+ IGF-1(100ng/ml)
é - - -+ o+ o+ Wortmannin(1pM)
L i

Gnl10 neurons

serum starved for 48 hr

Fig. 7. Wortmannin Blocks Akt Activation by Gas6

Gn10 cells were serum starved for 48 h and treated with
vehicle or rhGas6 (400 ng/ml) for 5 min or IGF-[ (100 ng/ml) for
15 min in the absence or presence of pretreatment with
wortmannin (1 um) for 20 min. Cell lysates were separated by
electrophoresis, transferred to PVDF, and incubated with
phospho-Akt and Akt antisera. Lane 1, Gn10 cells grown in
serum; lane 2, serum starved; lane 3, with rhGas6; lane 4,
with IGF-I; lane 5, with wortmannin; lane 6, with rhGasé and
wortmannin; lane 7, with IGF-I and wortmannin.

—
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Percent Apoptosis

0 hours

48 hrs 0% FBS
+ rhGas6
+Wortmannin
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Fig. 8. Inhibition of the PI3-K Pathway Blocks Gas6 Rescue
of Gn10 Neurons from Serum Withdrawal-Induced Apoptosis

Gn10 neurons were grown in serum-free media for 48 h in
the absence or presence of rhGas6 (400 ng/ml), wortmannin
(100 nm), rapamycin (20 ng/ml), or combinations of the above.
Cells were harvested and rates of apoptosis determined by
staining with Hoescht 33258. Results are the mean * sem of
three experiments. Lane 1, Baseline apoptotic cells in Gn10
cells; lane 2, 48 h in serum-free media; lane 3, with rhGas6;
lane 4, with wortmannin; lane 5, with rhGas6 and wortmannin;
lane 6, with rapamycin; lane 7, with rhGas6 and rapamycin.

compared with serum withdrawal (11.7%). These re-
sults suggest the PI3-K pathway is used by other
membrane receptors to protect GnRH neurons from
cell death in addition to those controlling apoptosis
due to growth factor deprivation. rhGas6 was unable
to protect the neuronal cells in the presence of the
wortmannin blockade of the PI3-K pathway (lane 5).
There was no effect of rapamycin, a selective inhibitor
of S6 kinase that is also downstream of PI3-K (47), on
the rates of apoptosis (lane 6). In addition, rapamycin
did not influence the ability of rhGas6 to rescue from
neuronal apoptosis (lane 7), suggesting that Akt and
not S6 kinase is the important downstream target of
PI3-K in these cells. Together, these data support the
hypothesis that Gas6/Ark protection of GnRH neurons
is mediated through mechanisms that involve Akt as
well as ERK.

DISCUSSION
Programmed Cell Death in GnRH Neurons

During development, apoptosis plays a critical role in
determining the ultimate fate of neuronal populations.
Studies have estimated that 20-80% of the neurons
expressed during embryogenesis die before matura-
tion of the organism (34). The GnRH neuronal popu-
lation is unique in that, unlike other neurons that ex-
press hypothalamic releasing factors, the neurons
must migrate from the olfactory placode into the fore-
brain. In addition, the population is small, with only
800-1000 neurons in the rodent making the journey
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(2-5). Because of the ultimate importance of appropri-
ately targeting this subpopulation of neurons into the
hypothalamus for reproductive competence, one
might expect a complex series of mechanisms to
modulate the rate of programmed cell death during
their migratory journey. The ability to identify factors
involved in this process has been limited by the small
size of the neuronal population and difficulty in work-
ing with primary cultures. We took advantage of two
available GnRH-producing neuronal cell lines to use
differential display-PCR to clone candidate cDNAs
that might play a role in GnRH neuronal migration or
gene expression (14). Ark, expressed in Gn10 GnRH
cells derived when GnRH neurons are migrating, is the
first candidate to be studied functionally. The potential
role of Ark (Axl) in cell-cell contact has been suggested
in 32D myeloid cells (23-27) and in vascular smooth
muscle cells (27), but it has not been studied in neu-
ronal cells. The role of Ark (Axl) in the modulation of
GnRH gene expression is under active investigation in
the laboratory (48). The present study strongly sup-
ports Ark’s role in protection of the GnRH neuronal
population from programmed cell death.

Since Ark is not expressed in the GT1-7 cells de-
rived from GnRH neurons in the forebrain, one might
expect that additional protective mechanisms against
apoptosis of the GnRH population are not needed
once the appropriate targeting has taken place. Gas6
is not expressed in these neuronal cells, so one would
hypothesize that adjacent glia or neuronal cells syn-
thesize the Ark (Axl) ligand during the migratory pro-
cess. This is consistent with an increasing literature
supporting the role of glial elements in neuronal mi-
gration and survival (49).

The Functional Role of Ark to Protect from
Programmed Cell Death

Serum deprivation is a classic model system to study
programmed cell death. Although most studies of the
Ark (Axl) family have been performed in this model
system, Bellosta et al. {21) recently reported that
Gas6/Ark signaling protects fibroblasts from apopto-
sis induced by tumor necrosis factor-a and c-Myc but
not that induced by UV irradiation or staurosporine.
Similar studies of Ark function in neuronal cells using
these alternative model systems of apoptosis have not
yet been performed. To support the physiological im-
portance of Ark (Axl), however, embryonic fibroblasts
from Ark (Axl) knockout mice were found to be more
susceptible to growth factor withdrawal-induced apo-
ptosis than wild-type cells (21). Together, these data
suggest the general role of Ark (Axl) in modulating the
rate of programmed cell death.

Gas6/Ark Signaling in Neuronal Cells Is Different
Than in Other Systems

Ark was initially derived in studies searching for novel
growth factor receptors, and Axl has been found to be
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overexpressed in some leukemia cell lines (18, 27).
Initial studies focused on the role of the kinase as a
mitogenic stimulus, but recent studies have suggested
Ark (Axl) is only a weak mitogen unless overexpressed
(22, 28). In GnRH neuronal cells, Gas6/Ark (Ax]) sig-
naling is not associated with a mitogenic response,
which is expected since neuronal cells are not subject
to significant proliferative responses.

In the GnRH neuronal cell lines, both the ERK and
Akt pathways were activated in the presence of serum.
The Gn-10 (Ark positive) cells, however, had higher
levels of activated ERK and Akt than the GT1-7 (Ark
negative) cells, suggesting that the high endogenous
levels were not due solely to SV,,, TAg immortalization.
In addition, growth factor withdrawal decreased acti-
vated ERK levels dramatically with less effect on ac-
tivated Akt levels, supporting the recent observations
that many neuronal cells use the PI3-K via Akt pathway
as the major control point for multiple endogenous
signals that mediate neuronal survival (38, 40, 45).

The ERK intracellular signaling system has been
associated with both proapoptotic and antiapoptotic
effects (reviewed in Ref. 32). Gardner and Johnson (33)
demonstrated that fibroblast growth factor 2 suppres-
sion of tumor necrosis factor-a mediated apoptosis
required Ras activation of ERK in L929 cells. Parrizas
et al. (44) showed the activation of both ERK and PI3-K
pathways in IGF-l-mediated rescue from apoptosis in
differentiated PC12 cells (44). Bellosta and co-workers
(21) have shown in NIH-3T3 cells that Ark triggered a
modest increase in ERK activity that accompanied the
increased survival of cells at concentrations that did
not promote DNA synthesis. In our studies, incubation
with the MEK inhibitor (PD98059) completely reversed
Gas6 protection from programmed cell death in GnRH
neuronal cells. These data show the critical role of the
ERK pathway in transmitting the Gas6 signal from the
membrane to the appropriate intraceliular targets to
rescue these neuronal cells from growth factor with-
drawal-induced apoptosis. In contrast to Gas6/Ark,
IGF-I triggered activation of Akt to a greater extent
than ERK. These results confirm the cell specificity of
intracellular signaling pathways downstream of growth
factor receptors.

In prior studies of other downstream signaling path-
ways activated by Gas6/Ark (Ax), divergent results
have been reported (22, 28, 29). Goruppi and co-
workers (29) have suggested the importance of Pi3-K
working through S6K as well as Src activation in both
mitogenic and survival activities by Gas6/AxI signaling
in NIH-3T3 cells. The data concerning Src activation
are complex since the Axl cytoplasmic domain lacks
Src consensus binding sequences, and Src could not
be coimmunoprecipitated with the receptor (29). Since
the NIH-3T3 cells contain Tyro3, another family mem-
ber that heterodimerizes with Ark (AxI), the comple-
ment of protein partners in each cell may influence the
importance of different signaling pathways. However,
the GnRH neuronal cells do not express Tyro3 (X.
Xiong and M. E. Wierman, unpublished observations),
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suggesting the observed responses are due solely to
Ark (AxI) activation.

Goruppi and colleagues (29) also found that rapa-
mycin treatment inhibited the ability of Gas6 to prevent
apoptosis-associated Gas2 proteolytic cleavage. In
our studies, rapamycin had no effect on Gas6 protec-
tion from apoptosis, in contrast to wortmannin. To-
gether with the data showing increased phospho-Akt
and phosphorylation of the Akt substrate, histone
H2B, by Gas6, these results suggest that in GnRH
neurons, the PI3-K pathway triggers Akt as an addi-
tional downstream effector to modulate the sensitivity
of GnRH neurons to trophic factor withdrawal. The
recent demonstration that Akt inhibits apoptosis in
cerebellar neurons (40), in rat hippocamal H19-7 neu-
ronal cells (45), and in sympathetic neurons (38) and
that Akt also phosphorylates the proapoptotic BCL-2
member, BAD, in neuronal cells to inactivate it (42) are
all supportive of the major importance of this pathway
in mediating multiple receptor-mediated antiapoptotic
signals. Since blockade of either the PI3-K or the ERK
pathways reversed the protective effect of Gasé, it is
unclear whether these are parallel independent signal-
ing systems or whether there is cross-talk at some
level between the components. Future studies will be
needed to investigate these possibilities.

MATERIALS AND METHODS

Cell Culture

GT1-7 and Gn10 GnRH neuronal cells were grown in DMEM
supplemented with 5% FCS, penicillin (100 U/ml), and strep-
tomycin (100 pg/ml). For serum starvation, cells were plated
at 60% confluency, grown overnight, and changed to serum-
free media, and the incubation was continued for 6-72 h
depending on the experimental design.

Reagents

Wortmannin [a specific inhibitor of PI3-K (50)], rapamycin [a
specific inhibitor of p70 S6 kinase (47)], bisindolymaleimide [a
specific inhibitor of protein kinase C (46)], and insulin-like
growth factor 1 (IGF-I) were purchased from Sigma Chemical
Co. (St. Louis, MO). PD98059 (an inhibitor of MEK1 and
MEK2, the upstream regulators of ERK) was purchased from
New England Biolabs, Inc. (Beverly, MA) Purified IgG Ark#318
was raised against the Ark extracellular domain (21). Antibod-
ies specific to Akt and phospho-Akt were purchased from
New England Biolabs, Inc. Antiactive MAP kinase pAb (phos-
pho-ERK) and anti-active p38 antibodies were purchased
from Promega, Inc. (Madison, WI). Antisera specific to ERK2
and p38 MAP kinase were purchased from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Recombinant human Gas6é
(rhGas6) from Amgen (Thousand Qaks, CA) was used in all
studies (26).

Quantification of Apoptotic Cells

Neuronal cells were grown in standard conditions with or
without FCS for various time intervals. For Hoescht staining,
cells were fixed on dishes or polylysine-coated slides in 1%
paraformaldehyde for 2 min at room temperature followed by
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70% ethanol in glycine buffer (100 mm, pH 3.0) for 20 min at
—20 C. After fixation, the cells were washed with PBS three
times and then incubated in Hoescht 33258 stain (8 wg/mi in
PBS) for 15 min at room temperature. The cells were washed
with PBS three times and then stored in the dark immersed in
PBS. The stained cells were viewed under a fluorescent
microscope (Olympus IMT-2 inverted microscope, Olympus
Corp., Lake Success, NY). Apoptotic cells were measured by
counting the number of neuronal cells with condensed or
fragmented chromatin. These cells typically appeared small
and rounded and bright green. One thousand cells were
counted from eight randomly chosen fields. The rate of ap-
optosis was expressed as a percentage of total counted
cells.

For ethidium bromide/acridine orange staining, cells (float-
ing and attached) were resuspended in cold PBS. A 1:2
dilution of 100 ug/ml solutions of ethidium bromide and acri-
dine orange was mixed with the resuspended cells. The
stained cells were viewed as above. Apoptotic cells were
scored as those with orange-red fragmented, condensed
nuclei. The rate of apoptosis was expressed as a percentage
of total counted cells.

Western Blot Analysis

Three million GT1-7 or Gn10 neuronal cells were grown for
48 h in standard media with or without serum. After the
experimental manipulation, cells were washed twice with
PBS (4 C), and lysed in 250-500 wl of cell lysis buffer con-
taining 10 mm Tris-Cl, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1
mmMm EGTA, 0.1% NP-40, 1% glycerol, 1 mm dithiothreitol, one
protease inhibitor tablet/50 ml (Boehringer Mannheim, India-
napolis, IN), and freshly added 20 mm NagVO,, 25 mm NaF,
and 20 mmM sodium pyrophosphate at 4 C. Lysed cells were
sonicated (Branson sonifier 250, at power 3, Branson Sonic
Power Co., Danbury, CT) for 10 pulses. The lysate was then
spun at 14,000 X g for 10 min at 4 C. The supernatant was
then assayed for protein concentration with the BCA protein
assay kit (Pierce, Inc., Rockford, IL). An aliquot of 20-30 ug
of total protein was resolved by SDS/PAGE on 10-12% gels
using a Bio-Rad mini-gel system (Bio-Rad Laboratories,
Richmond, CA). Subsequently, proteins were transferred to
Hybond polyvinylidene difluoride (PVDF) (Amersham Life-
sciences, Inc., Arlington Heights, IL) at 100 V for 1 h at 4 C.
The membranes were blocked in 5% milk, TBS-T buffer (20
mm Tris-Cl, pH 7.6, 137 mm NaCl, 0.1% Tween-20) overnight
at room temperature. Protein present on the blot was visu-
alized using enhanced chemiluminescence (ECL) immunode-
tection reagents (Amersham Life Sciences, Inc.). For each
antiserum, the primary antibody was diluted to 1:500-1:2000
and incubated with the membrane at room temperature for
2 h. The secondary antibody was diluted 1:2000-1:3000 and
incubated with the membrane for 1 h at room temperature.
An additional four washes were performed before immuno-
detection according to the manufacturer’s instruction (Amer-
sham Lifesciences, Inc.).

Immune-Complex Kinase Assay for Akt Activity

Gn10 cells were growth for 48 h in normal growth media or
serum-free media. The serum-starved cells were incubated
with 400 ng/ml rhGas6 for various times, washed once with
PBS (4 C), and lysed in 137 mm NaCl, 10% glycerol, 1%
NP-40, 20 mm Tris, pH 8, one protease inhibitor tablet/50 mi,
20 mm NazVO,, 25 mm NaF, and 20 mm sodium pyrophos-
phate at 4 C. The lysed cells were sonicated and spun as
described above. Total protein (2-5 mg) was immunoprecipi-
tated with 10 pg of antihuman Akt-1 pleckstrin homology
domain antibody (Upstate Biotechnology, Lake Placid, NY)
for 1.5 h at 4 C with constant mixing. Subsequently, 100 ul of
protein A/G agarose (Calbiochem, La Jolla, CA) was added
and the incubation continued for 1 h. The immune complexes
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were washed three times in lysis buffer, once in dH,0, and
once in kinase assay buffer minus ATP (20 mm HEPES, pH
7.4, 10 mm MgCl,, 10 mm MnCl,) at 4 C. Akt kinase activity
was determined by incubating the immune complexes with 2
1g histone H2B, 10 uCi [y*2PJATP, 5 uMm ATP, and kinase
assay buffer for 30 min at room temperature. The superha-
tants were resolved by 15% SDS-PAGE, and the phosphor-
ylation of histone H2B was detected by autoradiography.

Northern Analyses

Twenty micrograms of total RNA isolated from GT1-7 and
Gn10 neuronal cells were separated by electrophoresis in a
1.4% formaldehyde agarose gel transferred to nitrocellulose
and baked at —80 C as previously described (14). The blot
was hybridized with 32P-radiolabeled Ark cDNA (15), washed,
and exposed to film at —70 C for 1-2 days.

BrdU Labeling for Cell Proliferation

Gn10 neuronal cells were grown in serum-free media for 24 h
and then incubated with vehicle or rhGas6 (400 ng/ml) for
24 h. Cells were then labeled with BrdU for 2-4 h using the
cell proliferation enzyme-linked immunosorbent assay
(ELISA) colorometric kit from Boehringer Mannheim. BrdU
incorporation was assessed by colorometric assay using a
Biotek ELISA reader. Data represent the mean = sem of six to
eight dishes.
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Abstract

. -Fetal cell transplantation therapies are being. developed for the treatment of a number of
neurodegeneraﬁve disorders mcludmg Parkinson’s disease [1-8]. Massive apoptotic cell deathis a
major limiting factor for the\s\uccess of neurotransplantation. We have explored a novel protein
kinase pathway for its role in apoptosis of dopamine neurons. We have discovered that inhibitors of
p38 MAP kinase (the pyridinyl imidazole compounds: PD169316, SB203580, and SB202190)
improve survival of rat dopamine neurons in vitro and after transplantation into hemiparkinsonian
rats. In embryonié rat ventral mesencephalic cultures, serum withdrawal led to 80% loss of
dopamine neurons due to increased apoptosis. Incubation of the cultures with p38 MAP kinase
inhibitors at the time of serum withdrawal prevented dopaminergic cell death by inhibiting
apoptosis. In the hemiparkinsonian rat, preincubation of ventral mesencephalic tissue with
PD169316 prior to transplantation accelerated behavioral recovery and doubled the survival of
transplanted dopamine neurons. We conclude that inhibitors of stress-activated protein kinases

improve the outcome of cell transplantation by preventing apoptosis of neurons after grafting.

Key words: pyridinyl imidazole, apoptosis, Parkinson’s disease, neurodegeneration,

neurotransplantation, dopamine neuron, p38 MAP kinase
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1. Introduction

Parkinson's disease is a neurodegenerative disorder characterized by progressive deterioration of
moto; function resulting fromithe loss of nigrostriatal dopamine neurons and depletion of striatal
dopamine [9]. Because L-dopa [10] therapy loses its effectiveness after 5 to 20 years of
treatment, alternative therapeutic strategies such as neurotransplantation of fetal dopamine cells
have been sought. Despite the success of neural transplants in some Parkinson patients, other
patients improve only slightly or not at all. Data from animal [11] and human post-mortem
studies [5] indicate that much of the variability in neurotransplantation results from poor survival
of transplanted dopamine cells. Although some cells in the transplants probably die by necrosis
from handling and shear forces created during implantation, the majority of the observed cell
death is apoptotic [12, 13]. The number of apoptotic cells observed in grafts of ventral
mesencephalic tissue in parkinsonian rats is greatest during the first 24 hours after
transplantation and is dramatically reduced by the end of the first week [13]. These findings
offer the exciting possibility that signaling pathways leading to the initiation and execution of
apoptosis can be blocked to prevent or reduce neuronal cell death. We have explored the p38
MAP kinase pathway for its role in apoptosis of dopamine neurons and found that inhibitors of p38
MAP kinase improve survival of dopamine neurons both in culture and after neurotransplantation in
parkinsonian rats. These inhibitors offer advantages over other anti-apoptotic approaches because

they are small organic molecules that are orally active [14] and cross the blood-brain barrier.

2. Methods

2.1. Culture of mesencephalic neurons and detection of apoptosis. E1 5 rat ventral

mesencephalon was dissected as previously described [15]. Primary cultures of rat ventral
+ +
mesencephalon were prepared in 1 ml of ice cold Ca? /Mg2 -free Hanks' balanced salt solution

(Mediatech) by mechanically dispersing tissue pieces using a sterile tip of a 1.0 ml Pipetman.
Subsequently, cells were centrifuged at 200xg for 5 min and resuspended in F12 medium (Irvine

Sci.) with 5 % human placental serum, 2 mM L-glutamine, 100 pg/ml streptomycin, 100 U/ml

4 2
penicillin, 2.2 pg/ml ascorbic acid. Cells were seeded at a density of 6.0 x 10 viable cells/cm

in polyethylenimine-(Sigma) coated [16] 96-well plates in 0.1 ml of media. Cells were grown in

a 95 % air/ 5 % CO, humidified atmosphere at 37 °C in serum-containing medium for 24 hrs.
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At that time, medium was replaced with identical medium or medium lacking serum in the
presence or absence of 0.01 - 100 pM PD169316 (4-[5-(4-Fluoro-phenyl)-2-(4-nitro-phenyl)-2H-
'hnidz;iol;4-yl]-pyﬁdine), obtained from Dr. Alan Saltiel of Parke-Davis Pharmaceuticals, Ann
Arbor, MI or SB203580 arid SB202190 (0.01-200 uM, commercially available from
Calbiochem). Twenty hours after media change cultures were fixed in 4% paraformaldehyde.
Dopamine neurons were identified using polyclonal anti-rat TH antibody (1:100; Pel-Freez)
followed by ABC staining kit (Vector) as described below. Cultures for the studies of apoptosis
were fixed in 1% paraformaldehyde followed by 70% ethanol in glycine buffer 18 hrs after
serum withdrawal. These cultures were sequentially incubated with a polyclonal anti-TH
antibody (1:100) overnight, anti-rabbit FITC conjugate (1:40; Calbiochem) for two hrs and with
8 ng/ml of Hoechst 33258 DNA dye for 10 min. TH" cells (green fluorescence) were counted as
apoptotic only if their nuclei (blue) contained one or more lobes of condensed nuclear chromatin.
In the entire experiment, a total of 5066 TH' neurons were examined for nuclear chromatin
condensation. Four groups were tested: 1. +serum (n=2595); 2. —serum (n=269); 3. —serum + 10

uM PD169316 (n=1615); 4. —serum + 10 uM SB203580 (n=587).

2.2. 6-hydroxydopamine lesion and behavioral recovery fest. Forty seven male Sprague-Dawley
rats (225-250 gm) were anesthetized with equithesin (4 ml/kg) and placed in a stereotaxic frame.
Unilateral lesions of the medial forebrain bundle were done by infusing 20 pg of 6-OHDA HBr
(RBI), dissolved in 4 pl of sterile saline containing 0.2 % ascorbate at 1 pl/min per site at 2 sites
(AP: -2.1 mm posterior to bregma, LAT: 2.0 mm from the midline, VD: -7.8 mm below the dura;
and AP: -4.3 mm posterior to bregma, LAT: 1.5 mm from the midline, VD: -7.8 mm below the
dura). Animals were tested as previously described [17] for ipsilateral to the lesion turning (90
min) in response to methamphetamine (5.0 mg/kg injected ip) two weeks after receiving lesions.
Lesioned animals were assigned to four groups of equal rotational rates: 1. vehicle only, (n=9,
RPM = 7.8 + 1.0); 2. tissue + vehicle (n = 11, RPM = 8.4 £ 1.5); 3. tissue + PD169316 (n = 14,
RPM = 8.2 + 0.9); 4. tissue + SB203580 (n=13, RPM = 8.2 £ 0.1). Only rats that rotated at three
rpm or greater were included in this study. We have previously demonstrated [17] that in our
drug-induced circling test performed in flat-bottomed Plexiglas cylinders circling above two rpm

correlates with >95% dopamine depletion. In contrast, Ungerstedt and Arbuthnott demonstrated
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that, when methamphetamine-induced circling test is performed in hemispherical bowls instead

of cylinders, higher circling rates (4-6 rpm) predict >95% dopamine depletion [18].

2.3 Neurotran.splantation."ElS rat ventral mesencephalon was dissected according to previously
published methods [15]. For transplantation, half of a ventral mesencephalon was shaped into a
tissue strand (200 pm in diameter) by extruding tissue through a tapered glass cannula made by
heating a commercially available blank (Kimble Kontes, Cat# 663 500-0444). Hemiparkinsonian

rats received transplants of ventral mesencephalic strands that were incubated for two hours in a

2+ 2+
95 % air/ 5 % CO, humidified atmosphere at 37 °C in vehicle (Ca /Mg -free Hanks' balanced

salt solution, n=11), in vehicle containing 10 uM PD169316 (n=14), or in vehicle containing 10
pM SB203580 (n=13). Each animal received a transplant of half of a ventral mesencephalon.
Another 9 animals received infusion of only vehicle into the transplant site located in the
denervated striatum (AP: 0.0 mm from bregma, LAT: 3.0 mm from the midline, VD: -3.5t0-7.5
mm below the dura) in 4.0 ul over 4 min. Animals were tested for response to intreperitoneal
methamphetamine (5.0 mg/kg) three and six weeks after receiving transplants. Behavioral
recovery was analyzed using mixed-effects analysis of variance appropriate for repeated

measures ANOVA.

2.4. Morphological evaluation of grafts. All transplant recipients were sacrificed six weeks after
transplantation. Graft-containing areas of each brain were sectioned on a cryotome in the coronal
plane at 40 pm thickness and mounted on glass microscope slides. Every third section was
stained for TH-immunoreactivity using a polyclonal antibody against rat TH and ABC staining
kit (Vector). Endogenous peroxidase was inactivated by a 20 min treatment in methanol
containing 20 % hydrogen peroxide (v/v) at room temperature. Nonspecific binding was blocked
with 10 % goat serum in PBS containing 1 % BSA and 0.3 % Triton-X for 60 min at room
temperature. The primary anti-TH antibody (1:100 dilution) was applied to each slide overnight
at 37 °C. Sections were then incubated with a biotinylated goat anti-rabbit IgG antibody and
subsequently with avidin/biotinylated horseradish peroxidase complex, each for 2 hrs at room
temperature. The peroxidase was visualized with diaminobenzidine dissolved in PBS and 0.03

% hydrogen peroxide.
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All TH-positive profiles were counted in each section. Abercrombie's correction [19]
assumed cell diameter of 20 pm and was used to generate the final estimate of the number of
surv1v1ng dopamine neurons in. each animal. To assure that treatment with the inhibitors did not
alter dopamine neuron cell size, which would render use of Abercrombie’s correction
inappropriate, one rat was selected from each transplant group for detailed neuron size analysis.
The rat selected had closest to the median value of surviving dopamine neurons for each gfoup.
In each selected rat, images of all sections containing grafted cells were captured at x400
magnification into SlideBook digital deconvolution software (Intelligent Imaging Innovations).
The size of the soma for all dopamine neurons was determined using SlideBook’s analysis tools.
The total number of TH' somas measured was 353 for the animal receiving vehicle pre-treated
tissue, 439 for the animal receiving PD169316 pre-treated tissue and 500 for the animals
receiving SB203580 pre-treated tissue. For the measurement of the graft size and TH' fiber
outgrowth, every third section was digitized using a Nikon slide scanner. Using the NIH Image
program, area of the graft and area of the fiber outgrowth were manually outlined in each
section. The areas were measured by the computer using a calibrated area analysis feature and

volumes were calculated from the component areas.

3. Results

3.1. Effects of pyridinyl imidazole compounds on dopamine neuron survival and apoptosis. The

survival of embryonic dopaminergic neurons in tissue culture is dependent on the presence of

trophic factors contained in serum, and withdrawal of serum results in apoptosis. This model system |

has been used in the present studies to examine factors that rescue dopaminergic neurons from
apoptotic cell death. In each experiment, primary neurons from ventral mesencephalon were grown
in the presence of 5% human placental serum for 24 hours. At that time, medium was replaced with
identical medium or medium lacking serum in the presence or absence of increasing concentrations
of the p38 MAP kinase inhibitors PD1693 16, SB203580, and SB202190. Twenty hours after the
media change, the cultures were fixed and stained with antibodies against tyrosine hydroxylase

(TH) to identify surviving dopamine neurons. The structures of the pyridinyl imidazole compounds
used in these experiments are shown in Figure 1a. The inhibitors differ only by the para substitution
in the pheny! ring that is in the 2-position of the imidazole ring. In control cultures fed with
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medium containing serum, there were 835 + 29 surviving TH" neurons/cm? (Fig. 1b). Serum
withdrawal (20hr) reduced the number of surviving TH' neurons/cm? to 122 + 16 (p<0.001). All of
the te-sfeci pyridinyl imidazole cbfhbounds, when added at the time of serum withdrawal, improved
the survival of TH' neurons at concentrations shown to be effective in blocking p38 MAP kinase
activity [20]. The survival effects of SB203580 and SB202190 reached their maximum at 100 and
200 pM, respectively. Application of SB203580 (100 uM) and SB202190 (200 uM) resulted in
survival of 1321 + 283 and 1703 + 188 TH' neurons/cm’, respectively. The highest dose (200 pM)
of the SB203580 was toxic to dopamine neurons. The maximum effect of PD169316 was observed
at 55 pM, when 1943 =+ 240 dopamine neurons survived. Because the inhibitors tested in this study
have limited solubility above 10 uM, cultures supplemented with 55 pM imidazole inhibitors
contained abundant undissolved inhibitor crystals, which might have contributed to increased
variability in cell survival observed in these cultures. Cultures supplemented with 10 uM of
SB203580 or SB202190, at which concentration crystal formation was not a problem, had 470 + 56
and 601 + 48 surviving TH' neurons/cm?, respectively. By contrast, 10 uM PD169316 protected all
of the TH" neurons from serum withdrawal-induced death, supporting the survival of 1008 + 126
TH" neurons/cm’. These experiments have revealed that all three inhibitors can fully protect
dopamine cells from serum withdrawal. The order of potency for complete neuroprotection from
serum withdrawal was PD169316>SB203580>SB202190. In some cases, high concentrations of
the inhibitors augmented TH" cell survival above that observed in serum-containing cultures
(PD169316 at 55 and 100 uM, SB203580 at 100 uM, and SB202190 at 200 pM, p<0.01).

The morphology of TH' neurons grown in the absence and presence of serum is shown in
Figure 2. Twenty hours after the media change, dopamine neurons cultured in medium containing
serum (with or without 10 pM PD169316) appeared healthy and contained long neurites and highly
ramified growth cones (Fig. 2a, ¢). By contrast, dopamine neurons from which serum was
withdrawn were fewer in number, had truncated neurites and lacked growth cones (Fig. 2b).
Supplementation of the serum-withdrawn cultures with 10 pM PD169316 rescued the TH' neurons.
Their morphology was indistinguishable from that of the serum-fed neurons (Fig. 2d).

To determine if PD169316 exerted its survival effects on dopamine neurons by reducing the
rate of apoptosis, we co-stained rat ventral mesencephalic cultures with TH antibodies to identify

surviving dopamine neurons and Hoechst 33258 dye to examine nuclear morphology. Apoptotic
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dopamine neurons were defined as TH' cells that contained one or more lobes of condensed nuclear
chromatin. In the presence of serum, greater than 90% of TH' neurons showed normal nuclear
morpﬁ()ldgy with the chromatin uniformly distributed throughout the nucleus (Fig. 3a). The
apoptotic dopamine neurons-showed marked nuclear condensation and had degenerating neurites
(Fig. 3b). Maintenance of cell membrane integrity in the apoptotic dopamine neurons, another
characteristic of apoptosis, was demonstrated by retention of TH enzyme within the apoptotic
bodies (Fig. 3b). Removal of serum increased the number of adherent apoptotic cells by over 3-fold
(Fig. 3¢). PD169316 reduced the rate of apoptosis of dopamine neurons to control levels and
SB203580 partially reduced the level of apoptosis seen after serum withdrawal.

3.2. Effects of pyridinyl imidazole compounds on dopamine neuron survival and function after
transplantation. To determine whether inhibitors of p38 MAP kinase could increase the survival
of dopamine neurons and accelerate motor recovery after transplantation, we transplanted rat
ventral mesencephalic dopamine neurons obtained from embryonic day 15 rats into the brains of
hemiparkinsonian rats. This rat model of Parkinson’s disease is created by a unilateral injection
of the neurotoxin 6-OHDA into the median forebrain bundle leading to the death of dopamine
neurons in substantia nigra and dopamine depletion in striatum [17, 18]. Upon intraperitoneal
injection of methamphetamine (Smg/kg), lesioned animals run in circles in a direction ipsilateral
to the lesion. This circling behavior can be abolished by transplantation of embryonic rat
dopamine neurons into the denervated striatum [21]. Grafted dopamine neurons survive, project
neurites, form synapses, and improve behavior [22].

Rats were lesioned and tested for rotational behavior two weeks later. Lesioned rats that
showed motor asymmetry (greater than 3 rpm) in response to methamphetamine were
transplanted with one of the following: 1. vehicle only, 2. mesencephalic tissue pretreated with
vehicle, 3. mesencephalic tissue pretreated with 10 uM PD169316, or 4. mesencephalic tissue
pretreated with 10 pM SB203580. For the pretreatment, all tissues were incubated for two
hours in a 95 % air/ 5 % CO, humidified atmosphere at 37 °C. Inhibitor concentration of 10 uM

was chosen for the transplantation experiments, because higher concentrations of the inhibitors
result in an unacceptably high crystal formation upon contact with aqueous solutions. Inhibitors
of p38 MAP kinase that have much better solubility in aqueous solutions are being developed

[23].
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Behavioral recovery was tested at three and six weeks following transplantation. Animals
that received vehicle without tissue did not reduce their rotational rate over the six-week period.
At th}ee'weeks; animals that received transplants of tissue pretreated with vehicle alone reduced
their circling rate by 60% from the pretransplantation rate (Fig. 4). By contrast, recipients of
transplants pretreated with the pyridinyl imidazole compounds had significantly accelerated
reduction in their rotational rates when compared to the vehicle pretreated tissue recipients. The
PD169316 pretreated group reduced their rotational rate by 90% (p<0.01), while the SB203580
pretreated group reduced their circling by 74% (p<0.01). At six weeks after transplantation,
behavioral improvement continued (Fig. 4). The vehicle pretreated group showed a 77%
reduction in circling. The PD169316 pretreated group showed the greatest reduction in circling
(99%) and was significantly different from the control group (p<0.01). The SB203580
pretreated group reduced their rotational rate by 82%, a value not statistically different from the
vehicle group. Thus, animals receiving mesencephalic tissue that was pretreated with PD169316
completely stopped circling at six weeks after transplantation.

To determine if behavioral improvement coincided with increased survival of dopamine
neurons in the graft, animals were sacrificed and their brains processed for tyrosine hydroxylase
immunocytochemistry. Examples of coronal sections through grafts stained for TH are shown in
Figure 5a. Cell counting of TH' neurons in these coronal sections revealed that 1550 + 294
dopamine neurons survived in grafts pretreated with vehicle (Fig. 5b). The number of surviving
TH' ﬁeurons doubled to 3023 + 518 when the tissue was pretreated with PD169316 (p<0.05).
Although pretreatment of tissue with SB203580 increased the number of surviving dopamine
neurons to 2321 + 394, the increase was not statistically significant. Analysis of the graft size
(Fig.5c) and TH' fiber outgrowth (Fig.5d) using the NIH Image program revealed that
pretreatment of mesencephalic tissue with PD169316 prior to transplantation increased the graft
size by 140% (p<0.01), while pretreatment of the tissue with SB203580 increased the graft size
by 100% (p<0.05). Preincubation with either PD169316 or SB203580 also augmented the TH"
fiber outgrowth by 130% (p<0.01).

To assure that treatment with the inhibitors did not alter dopamine neuron cell size, which
would render use of Abercrombie’s correction inappropriate, one rat was selected from each
transplant group for detailed neuron size analysis. The rat selected had closest to the median

value of surviving dopamine neurons for each group. Measurement of soma size of TH' neurons
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from images capturéd at x400 magnification into SlideBook digital deconvolution software
revealed that average area of TH' cell soma was not changed by the ex vivo inhibitor treatment
(Fig. 6). Specifically, average‘ai'éa of TH' cell soma of cells in tissue treated with the vehicle

was 177 £ 4 pm?, 180 +3 .\p,mz in tissue treated with PD169316, and 172 +3 pm? in tissue

treated with SB203580.

4. Discussion

Results from these studies indicate that pyridinyl imidazole inhibitors of p38 MAP kinase
improve survival of dopamine neurons both in tissue culture and after neurotransplantation in
hemiparkinsonian rats. The improved survival of grafts treated with the p38 MAP kinase
inhibitors correlated with more rapid improvement in motor behavior. These data suggest that
apoptotic programmed cell death occurring in vivo after transplantation results from activation of
p38 MAP kinase. This outcome is consistent with in vitro experiments showing that inhibitors of
p38 MAP kinase block apoptosis of neurons [24, 25]. Despite the rescue of many of the
transplanted dopamine neurons by p38 MAP kinase inhibitors, the majority of dopamine neurons
did not survive transplantation. Further improvement in grafting may come from short-term
systemic administration of the inhibitors to sustain higher inhibitor concentration during the first
week after grafting when neuronal apoptosis is greatest [13]. More potent and more soluble p38
MAP kinase inhibitors are being developed [23]. It is also possible that use of the p38 MAP
kinase inhibitors in combination with growth factors [13, 26], antioxidants [27, 28], or other
antiapoptotic agents such as caspase inhibitors [29] would provide additive benefits in cell
survival and transplant outcome. The advantages that the pyridinyl compounds have over
growth factors and caspase inhibitors for preventing apoptosis in vivo include their low
molecular weight, acceptable systemic toxicity [14] and ability to cross the blood-brain barrier.
These characteristics make the pyridinyl imidazole compounds promising candidate drugs for

improving survival of dopamine neurons following transplantation into humans.
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Figure Legends

Fig.1. The effects of pyridinyl imidazole compounds on the survival of embryonic dopamine
neurons. (a) Structures of PD169316, SB203580, and SB202190. Note that the differences
between the compounds exist in the para substitution in the phenyl ring that is in the 2-position of
the imidazole ring. (b) Protection of dopamine neurons from serum withdrawal-induced death
with pyridinyl imidazole compounds. Mesencephalic cultures were initially grown for 24 hrs in
5% human placental serum. At that time, medium was replaced with an identical medium
(lefimost solid bar) or medium lacking serum in the presence (0.01-100/200 uM) or absence
(open bar) of PD169316, SB203580 and SB202190 for 20 hrs. All inhibitors tested at 10 uM
provided protection to dopamin'e neurons. At 10 uM, PD169316 was most potent inhibitor
providing complete protection from death by serum withdrawal. Data are mean £ SEM. (n=4-
43) from up to five independent experiments. Statistical significance was determined using one-
way ANOVA (p<0.0001; F(21,230) = 22.7). Means were considered different from —serum

cultures when Newman-Keuls post hoc test revealed p<0.05 (asterisks).

Fig. 2. PD169316 protects dopamine neurons from degeneration in vitro. (a-d) Micrographs of
dopamine neurons 20 hours following media change. Cells were immunostained using anti-TH
antibody. (a) 5% serum only; (b) no serum; (c) 5% serum plus 10 M PD169316; (d) no serum
plus 10 yM PD169316. In these experiments, PD169316 acted as serum replacement. 10 uM
PD169316 (d) restored both dopamine neuron survival and neurite outgrowth to that observed in

serum-containing cultures (). Note that addition of PD1693 16 to cultures supplemented with
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serum (c) did not further increase dopamine cell survival or neurite outgrowth. Scale bar = 100

pm.

Fig. 3. Pyridinyl imidazole inhibitors rescue dopamine neurons from apoptosis. (a and b),
Micrographs showing dopamine neurons (green) identified using anti-TH primary antibody
followed by FITC-conjugated secondary antibody and nuclei (blue) stained with Hoechst 33258.
All cells were cultured in 5% human placental serum for 24 hours. At that time, medium was
replaced with an identical medium or medium lacking serum in the presence or absence of 10uM
PD169316 or 10uM SB203580. All cultures were fixed 18 hours following media change. (a)
Micrograph showing a healthy dopamine neuron among several healthy non-dopaminergic nuclei
in serum supplemented culture. (b) An apoptotic dopamine neuron containing two lobes of
condensed chromatin. Note degeneration of the neurites and retention of TH within the
apoptotic body. Scale bar = 25 um. (c) Quantitation of the percent of adhering TH' neurons that
are apoptotic. In the presence of serum, 8.8% of dopamine neurons were apoptotic. Serum
withdrawal for 18 hours raised apoptosis in dopamine neurons to 32.3%. Addition of 10uM
PD169316 completely prevented the increase in apoptosis induced by serum withdrawal (7.8%
dopamine neurons were apoptotic). SB203580 reduced apoptosis to 16.5%. Data are mean
S.E M. In this experiment, a total of 5066 TH'" neurons were examined for apoptotic
morphology. Statistical significance was determined using one-way AN OVA (p<0.001; Fg, 23) =
34.5). Asterisks signify p<0.001 (compared to —serum) based on Newman-Keuls post hoc test.

Fig. 4. Reduction in circling behavior following neurotransplantation. All animals were injected
with methamphetamine (Smg/kg; ip) to test motor asymmetry after a unilateral 6-OHDA lesion.
High rotations indicate dopamine imbalance (lesion severe), while low rotations indicate
dopamine level normalization (lesion corrected). Net ipsilateral rotation scores are shown for
four experimental groups that received intrastriatal transplants: 1. vehicle only, (n = 9); 2. tissue
+ vehicle (n = 11); 3. tissue + 10 pM PD169316 (n = 14) and 4. tissue + 10 pM SB203580
(n=13). Rats were tested prior to transplantation (two weeks after lesioning) and three and six
weeks after transplantation. At three weeks, groups transplanted with tissues treated with both
PD and SB compounds had significantly lower rotational scores than controls receiving vehicle-

pretreated tissue (p<0.01). PD169316 treated group was the only group to stop rotating at six
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weeks after transplantation (p<0.01 vs tissue + vehicle). Data are mean + S. EM. Significance
was determined using two-way ANOVA (p<0.001; Fs, s6) = 4.7) followed by a Fisher LSD post
hoc téSt. W

Fig. 5. Morphological and histological graft assessment. (a) Coronal sections showing tyrosine
hydoxylase (TH) immunostaining of the répresentative grafts transplanted into denervated adult
rat striatum. Note that even under gross examination, both graft size and TH' fiber outgrowth
are greatest in the graft pretreated with PD169316 (middle section). Scale bar = 1mm. (b)
Number of surviving transplanted TH' neurons per animal. PD169316 doubled TH' neuron
survival (p<0.01; t-test). (c) Graft size was also significantly increased (p<0.01; Fo37)=7.0) by
PD199316 (p<0.01) and SB203580 (p<0.05). (d) The imidazole inhibitors significantly
extended fiber outgrowth (p<0.01; Fo,37y = 7.4). Data are mean + SEM. (n=9-14). Statistical

analysis was done using one-way ANOVA followed by a Newman-Keuls post hoc test.

Figure. 6. Preincubation of ventral mesencephalic tissue strands with pyridinyl inhibitors of p38
MAP kinase does not alter the size of transplanted dopamine neurons. TH-immunoreactive cells
from (a) transplant of ventral mesencephalic tissue pretreated with vehicle, (b) transplant pretreated
with 10 pM PD169316, énd (¢) transplant pretreated with 10 uM SB203580. Scale bar =20 um. (d)

Mean soma area of TH' neurons found in three different experimental groups six weeks after

grafting.
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ABSTRACT

To promote dopamine cell survival in human fetal tissue strands transplanted into immunosuppressed
6-OHDA lesioned rats, we have preincubated tissue in insulin-like growth factor-I (IGF-I, 150
ng/ml) and basic fibroblast growth factor (bFGF, 15 ng/ml) in vitro for two weeks. Growth factor
treatment did not affect the rate of homovanillic acid production in vitro but increased overall
dopamine neuron survival in animals after transplant from 1240 + 250 to 2380 + 440 neurons
(p<0.05). Animals in the growth factor-treated group had a~signjﬁcantly greater reduction in
methamphetamine-induced rotation (66%) compared to control transplants (30%, p<0.05). We
conclude that in vitro preincubation of human fetal tissue strands with IGF-I and bFGF improves

dopamine cell survival and the behavioral outcome of transplants.
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INTRODUCTION

In Parkinson's disease, progressive deterioration of motor function results from the loss of
nigrostriatal dopaming neurons and consequent dopamine depletion in the caudate and putamen (17).
Among neurological disorders, Parkinson's disease is a prime candidate for a new strategy for
treatment because drug therapy loses its effectiveness after 5 to 10 years. In 1979, Bjorklund and
Stenevi (5) and Perlow et al. (43) demonstrated the potential benefits of mesencephalic grafts in
parkinsonian rats. Since then, fetal tissue transplantation has been developed as a treatment for
Parkinson's disease in humans (19-26, 32, 35, 59). Decisions about the appropriate age of human
fetal donor tissue and its preparation have been based on extrapolation from the embryonic
development of rodents as well as direct transplantation of human fetal tissue into parkinsonian rats
(11, 26, 31, 49-52, 55-58).

A major problem with neurotransplantation is that up to 95% of embryonic dopamine
neurons die after transplantation (7, 33). Since cells in transplants of embryonic mesencephalon have
been shown to undergo apoptotic cell death in vivo (36, 62), we and others are examining possible
uses of neurotrophic factors to reduce apoptosis (12, 13, 28, 37, 38, 47, 48, 61, 62). Two of the
growth factors being examined are insulin-like growth factor-I (IGF-I) and basic fibroblast growth
factor (bFGF) which improve dopamine neuron survival in vifro (30) and in vivo (53). We have
recently shown that dopamine neuron survival éan be improved by a two-hour pre-incubation of
transplanted tissue with the growth factor combination of glial cell line-derived neurotrophic factor

(GDNF), IGF-I and bFGF (62). We have also shown that a combination of IGF-1 and bFGF reduces

3




Clarkson et al., 2000

the rate at which dopamine neurons undergo apoptosis in vitro (61). The growth factors may be
acting indirectly through stimulation of trophic factor production by astrocytes (18), since the
neuroprotective effect can be blocked by inhibition of astrocyte proliferation with cytosine
arabinoside (61). We have found that most dopamine cell death occurs in the first day to the first
week after transplant (62). This result indicates that short-term induction of astrocytes by IGF-I and
bFGF in vivo may be sufficient to protect transplanted dopamine neurons from programmed cell
death.

To provide time for quality control of tissue prior to transplantation, we have developed
methods for maintaining human embryonic cells in culture for extended periods of one to four weeks
prior to transplant (21). In a further effort to improve survival of cells after transplant, we have now
tested whether long term (14 day) in vitro incubation of human fetal tissue with the combination of
IGF-I and bFGF will promote the subsequent survival of these cells after transplantation into
hemiparkinsonian rats.

Currently in our laboratory, straﬁds of human fetal tissue placed in tissue culture are tested
for dopamine production by measuring the concentration of the dopamine metabolite homovanillic
acid (HVA) in tissue culture supernatant. The in vifro storage method is also critical for
accumulating a sufficient quantity of tissue for transplantation and for demonstrating that the tissue is
not infected with bacteria, viruses or fungus. The in vifro environment provides an opportunity to
treat tissue with trophic factors in an effort to improve transplant survival of cells following

transplantation.
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MATERIALS AND METHODS

Preparation of Fetal Tissue

Postmitotic embryonic dopamine cells from early in development, 13 to 15 days after
conception in the rat and 45 to 55 days after conception in the human (40), are able to survive and
develop when implanted in the adult Parkinsonian brain (9, 10, 50). Only tissue from human
embryos in this developmental range was used in this study.

Fetal tissue was obtained after elective abortion by standard clinical methods and with the use
of sterile collection apparatus. Women donating tissue signed specific informed consent for
experimental use of tissue. The consent and all collection methods complied with state and federal
laws and were approved by the Colorado Combined Institutional Review Board. The rostral half of
ventral mesencephalon containing dopamine cells was dissected as a block about 2 by 4 by I mm.
This block was then cut in half down the midline to generate two identical pieces of mesencephalon.
These pieces are referred to subsequently as a "matched pair". The tissue was washed in 3 petri
dishes each containing ~20 ml of cold calcium and magnesium-free Hanks' balanced salt solution
(HBSS).

Tissues strands were created by extruding one half of a mesencephalon through a glass
cannula with a luer adaptor at one end and a taper to a 0.2 mm bore at the other (14, 21). These

extruders were made by heating and drawing a commercially available blank (Kimble Kontes, Cat #
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663500-0444, Vineland, NJ). Mesencephalic tissue was aspirated into the hub of a 1 ml tuberculin
syringe in HBSS, then sl‘owly ejected through the buffer-filled glass extruder. Care was taken to
avoid excess pressure during extrusion, which could cause compression/decompression damage to
the tissue. Strands vx;are extruded into 4 ml culture medium in one well of a 6-well plastic tissue
culture plate (Coming Inc, Corning, NY). Medium was F12 containing 5% dialyzed human placental
serum (heat inactivated at 55°C for 30 min), heparin (1 pg m!™) to bind bFGF (63), 2.2 ng mi”
ascorbic acid, 10 pg ml” vancomycin (Eli Lilly & Co., Indianapolis, IN), 2 ug ml” gentamicin
(Elkins-Sinn Inc., Cherry Hill, NJ) and 2 mM L-glutamine (Sigma, St. Louis, MO).

Human recombinant IGF-I (150 ng/ml; Cephalon Inc., Philadelphia, PA) and human
recombinant bFGF (15 ng/ml; Scios Inc., Mountain View, CA) were added to the medium
immediately after strands were placed in culture. Medium was changed at 3, 6, 9, 12 and 14 days
after strands were placed in culture. This was done by removing and freezing 2 ml of medium for

later HV A analysis, then adding 2 ml of fresh medium together with fresh IGF-I and bFGF.
High-Performance Liquid Chromatography (HPLC) Analysis

Testing for the content of HVA in tissue culture extracts used HPLC with electrochemical
detection (Bioanalytical Systems) as previously described (3, 29). Separation was achieved on a
Spherisorb ODSA microbore column (1 x 100 mm, Keystone Scientific) using a mobile phase
containing per liter: 13.7 ml phosphoric acid, 4.1 g trichloroacetic acid, 0.5 g sodium EDTA, 0.4 g

octyl sodium sulfate, and 8% methanol (pH 3.0). Any detectable HVA in the media blank was
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subtracted from each sample.

Unilateral 6-OHDA Injections

Male Sprague Dawley rats (250-350 g) were anesthetized with equithesin (4 ml/kg) and
placed in a stereotaxic frame. A 30 ga. cannula was then lowered into the medial forebrain bundle at
the following coordinates: AP: -4.3 mm posterior to bregma, L: 1.5 mm from the midline, VD: -7.5
mm from the dura (42). Ten pg of 6-OHDA HBr (RBI, Natick, MA), dissolved in 5 pl sterile saline
containing 0.2% ascorbate, was infused at 1 pl/min over 5 min (55). The cannula was left in place
an additional 2 min with no infusion. Then the pump was started and the cannula was withdrawn
while infusing saline. Lesions were tested behaviorally as noted below and confirmed histologically

post-mortem by the unilateral loss of TH immunoreactive dopamine neurons in the substantia nigra.
Methamphetamine and Apomorphine-Induced Rotation

Two weeks after surgery the completeness of the lesion was assessed, by measuring turning
behavior in response to methamphetamine HCI (5.0 mg/kg, i.p., Sigma, St. Louis, MO) and
apomorphine (0.05 mg/kg, s.c., Sigma) in a flat-bottomed rotometer. Methamphetamine circling was
selected as the primary behavioral variable. Briefly, the rotometer consisted of a plexiglass cylinder
20 cm in diameter. The rat was tethered to a counter with a harness fastened around its chest. Rats

that circled ipsilateral to the lesion more than 3.0 rpm during the period of 30 to 120 minutes after
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methamphetamine injection were used for transplantation and further rotational testing. Average
ipsilateral rotation of animals chosen for the experiments was 8.3 rpm for controls and 7.2 rpm for
IGF-I/bFGF treated group. We have previously demonstrated (45) that in our methamphetamine-
induced circling test ‘performed in flat-bottomed Plexiglas cylinders circling above two rpm correlates
with >95% dopamine depletion. In contrast, Ungerstedt and Arbuthnott demonstrated that, when
methamphetamine-induced circling test is performed in hemispherical bowls instead of cylinders,
higher circling rates (4-6 rpm) predict >95% dopamine depletion (55).

Circling after apomorphine was also addressed. Rats that showed apomorphine-induced
turning contralateral to the lesion of greater than 3.0 rpm during the period of 0 to 30 minutes after
injection were considered to be positive for an apomorphine effect and had apomorphine data
collected. Average apomorphine-induced rotation of animals chosen for the experiments was 8.1 rpm
for controls and 6.1 rpm for IGF-I/bFGF treated group. Of the 6 pairs of rats that were positive for
methamphetamine-induced rotation, only 5 pairs were positive for apomorphine-induced rotation.
Methamphetamine and apomorphine-induced turning were measured 4, 8 and 10.5 weeks after
transplantation to test the behavioral effect of developing neural grafts. To prevent possible
confounding of drug test effects, methamphetamine-induced turning was measured 48 hr after

apomorphine testing.
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Transplantation of Embryonic Tissue

Recipient animals were anesthetized with equithesin (4 ml/kg). Three burr-holes were made
through the skull and a 20 ga. guide cannula supported by a motorized stereotaxic arm (Narishige,
Tokyo) was used for transplantation. The cannula was lowered into the brain to 3.0 or 3.5 mm below
the dura. Three transplant sites were required to accommodate all of the tissue present in one-half of
a human mesencephalon. Transplant coordinates were: 1) AP: 0.0 mm from bregma, L: 2.0 mm
from midline, VD: -7.0 to —3.0 mm below dura; 2) AP: 0.0 mm from bregma, L: 3.5 mm from
midline, VD: -7.5 to —3.5 mm below dura; 3) AP: 1.0 mm anterior to bregma, L: 3.5 mm from
midline, VD: -7.0 to —3.0 mm below dura. Animals were paired based on whether they received
growth factor-treated or non-treated tissue from the same human mesencephalon.

Matched pair tissue strands representing half-mesencephalons were removed from tissue
culture, re-extruded as described above, and then drawn up into a 24 ga. stainless steel
transplantation cannula in a volume between 4 and 8 pL. The transplantation cannula (which
protruded 4 mm beyond the guide) was then inserted through the guide cannula to a final depth of 7
or 7.5 mm below the dura. The tissue was ejected with the aid of a syringe pump over 4 min. For
each transplant, the pump was switched on and allowed to run for 15 seconds and then the cannula
was withdrawn at a rate of 1 mm/min with the pump running. At the top of the tract (after 4 min)
the pump and guide cannula were stopped for 2 min to allow the pressure to equilibrate. Afterwards,
withdrawal was continued while about 4 pl of HBSS was pumped through the cannula. No sham

transplants were done since in our previous work we found that shams had no improvement in
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amphetamine- (44) and methamphetamine-induced rotation (15, 60). All transplanted rats were
immunosuppressed 24 hrs prior to transplantation with cyclosporine A (Sandimmune; 10 mg/kg; sc;

Sandoz) and daily thereafter for the duration of the experiment.

Tyrosine Hydroxylase Immunohistochemistry

At 10.5 weeks after transplant, following behavioral testing, animals were killed by chloral
hydrate overdose (2 g/kg, i.p.) and intracardially perfused with heparinized saline (30 units/ml)
followed by 4% phosphate-buffered paraformaldehyde. The brains were post-fixed for two days in
the same fixative and cryoprotected in 30% sucrose. 40 um sections were cut on a freezing
microtome and each section was processed for TH immunohistochemistry.

The staining procedure supplied by the manufacturer was used. After blocking for one hour
with 10% goat serum, 1% BSA and 0.3% Triton-X at 37°C, the slices were incubated in polyclonal,
affinity-purified rabbit anti-rat TH antibody 1:200 (Pel-Freez, Rogers, AR) for 16 hours at 37°C.
Sections were then incubated with a secondary biotinylated, affinity-purified, goat anti-rabbit IgG
antibody and subsequently with avidin/biotinylated horseradish peroxidase complex, each for 4 hours
at room temperature (Vector Lab, Burlingame, CA). The peroxidase was visualized with

diaminobenzidine dissolved in PBS and 0.03% hydrogen peroxide.
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Anatomical Analysis

The total number of dopamine neurons within the transplant tracts was estimated by counting
all TH-positive cells in every third section of the tissue block. Abercrombie's correction (1) with an
assumed cell diameter of 20 wm was used to generate the final estimate of the number of surviving
dopamine neurons in each animal. Work previously done in our laboratory has shown that treatment
with a combination of IGF-I and bFGF does not affect transplanted dopamine neuron size (14).
Sequential section stereological counting (16) was not possible since the 40 pm sections were
collected six sections per single well of a 24-well plate and were thus randomized per well. To assure
that treatment with IGF-I and bFGF did not alter dopamine neuron cell size, which would render use
of Abercrombie’s correction inappropriate, one rat was selected from each transplant group for
detailed neuron size analysis. The rat selected had closest to the median value of surviving dopamine
neurons for each group. In each selected rat, images of all sections containing grafted cells were
captured at x400 magnification into SlideBook digital deconvolution software (Intelligent Imaging
Innovations). The size of the soma for all dopamine neurons was determined using SlideBook’s

analysis tools. The total number of TH' somas measured was 197 for the control and 408 for the

animal receiving IGF-I/bFGF treatment.

11




Clarkson et al., 2000

Statistical Analysis

The behavioral data were analyzed via SAS Procedures GLM and Mixed (SAS Institute,
Cary, NC) using a rﬁixed effects model appropriate for repeated measures data (34). This method
accounts for variability between rats as well as between multiple measurements on the same rat. The
TH' neuron survival and TH' neuron soma size data were analyzed using Student’s t-test and InStat

statistical software (GraphPad, San Diego, CA).

RESULTS

Measurement of the stable dopamine metabolite HVA in the media of cultured fetal strands
provides evidence for ongoing production of dopamine in the tissue culture (Fig. 1). Levels of HVA
production per day appeared to be lower in fetal strands treatgd with the combination of IGF-I and
bFGF, though these differences did not reach statistical significance (n=6, p>0.2). The same trend
was seen in cumulative HVA levels, with IGF-I/bFGF treated strands producing a total of 320 + 130
pmol after 14 days in vitro and untreated control strands producing 490 + 130 pmol after 14 days in
vitro (data not shown). This difference was not statistically significant.

Figure 2 shows that animals receiving growth factor-treated human fetal mesencephalon, had
a significantly greater behavioral improvement than animals transplanted with human mesencephalon

not treated with growth factors. Transplants of growth factor-treated strands led to a significant
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reduction in methamphetamine-induced rotation at 10.5 weeks post-transplant when compared to
control strands (p<0.05; Fig. 2A). Growth factor-treated strands appeared to cause a more rapid
improvement in apomérphine circling when compared to control strands (Fig. 2B). However, these
apparent differences Aid not reach statistical significance (p>0.05). By 10.5 weeks, both groups had
nearly stopped circling to apomorphine, indicating that enough human dopamine cells survived to
eliminate apomorphine circling.

The number of surviving dopamine neurons in grafts of animals sacrificed 10.5 weeks after
transplant is shown in figure 3A. Transplants of fetal tissue strands treated with the combination of
IGF-I/bFGF had better dopamine neuron survival than untreated control grafts. In animals receiving
one-half a human mesencephalon treated with growth factors, a total of 2380 + 440 dopamine
neurons survived (Fig. 3A). By contrast, animals receiving the non-growth factor-treated half
mesencephalon had only 1240 + 250 surviving dopamine neurons (p<0.05; Fig. 3A).

To assure that growth factor treatment did not alter dopamine neuron cell size, which would
render use of Abercrombie’s correction inappropriate, one rat was selected from each transplant
group for detailed neuron size analysis. The rat selected had closest to the median value of surviving
dopamine neurons for each group. Measurement of soma size of TH" neurons from images captured
at x400 magnification into SlideBook digital deconvolution software revealed that average area of
TH' cell soma was not changed by the ex vivo growth factor treatment (Fig. 4A). Specifically,
average area of TH' cell soma of control cells was 193 + 3 pm” and 187+ 2 pm” in tissue treated

with IGF-I and bFGF.
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DISCUSSION

Our study demonstrates that treating individual fragments of human fetal ventral
mesencephalon with a combination of IGF-I/bFGF for two weeks in tissue culture leads to better
survival of dopamine neurons after transplant into immunosuppressed hemiparkinsonian rats.
Previous work in our laboratory has shown that combinations of IGF-I and bFGF reduce the rate of
apoptotic death in rat dopamine neurons in vitro (61), and pretreatment with a combination of
GDNF, IGF-I and bFGF improves cell survival after transplant (62). Co-transplantation of bFGF-
expressing fibroblasts with rat mesencephalic dopamine neurons greatly enhanced survival of
transplanted cells and accelerated behavioral recovery (53). We hypothesize that treatment of human
fetal tissue with IGF-I/bEGF reduces the rate of apoptotic death that occurs while the strands are in
culture. Because these growth factors appear to work indirectly by stimulating astrocyte
proliferation and neurotrophic factor production (18, 53, 61), the beneficial effect of growth factor
treatment may also carry over for a few days after transplantation.

In addition to anti-apoptotic properties of some growth factors, treatment with inhibitors of
specific pro-apoptotic pathways has proven to be neuroprotective (8). Specifically, 2-hour
preincubation of rat ventral mesencephalic cell suspension with a caspase inhibitor, Ac-YVAD-cmk,
tripled survival of transplanted dopamine neurons (47). By contrast, transplantation of mouse ventral
mesencephalon overexpressing the anti-apoptotic protein Bcl-2 did not affect dopamine neuron

survival, although fiber outgrowth was improved in such grafts (48). Other neuroprotective
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treatments attempt to reduce free radical damage to transplanted cells. An approach, that has shown
promise in protecting transplanted dopamine neurons has treated cell suspensions with antioxidants
such as lazaroids (37, 41). The lazaroid, trilazad mesylate, improves survival of cultured human
embryonic dopamineineurons (41). A second effective strategy is transplantation of mesencephalic
tissue overexpressing Cu/Zn superoxide dismutase (38).

Storing dopamine neurons prior to transplantation is critically important for accumulation of
enough specimens for a transplant operation and to test tissue for infection. To store dopamine
neurons prior to transplantation, freshly dissected ventral mesencephalon can be placed in hibernation
medium at 10°C for up to several days (46, 54). In our study, human embryonic brain tissue was
stored at 10°C for up to several hours prior to dissection and was then placed in tissue culture for
two weeks. We have found that dopamine cells in culture medium containing 5% human placental
serum and a combination of IGF-I and bFGF have nearly 100% increased survival in transplants
compared to cells cultured without growth factors. Others have shown that supplementation of
hibernating cells with a combination of 8% human placental cord serum, GDNF and brain-derived
neurotrophic factor (BDNF) improved TH-immunoreactive cell survival by 40% (54). Rat ventral .
mesencephalic tissue hibernated for six days in GDNF-containing medium enhanced six-week
survival of transplanted dopamine neurons by 30% (2). Cryopreservation would be desirable for long
term storage of cells. Unfortunately, cryopreservation methods lead to unacceptable losses of rat and
human mesencephalic cells, regardless if the cells are cryopreserved as tissue fragments or cell
suspension (46). Transplantation of cryopreserved human embryonic dopamine neurons reduced

survival of dopamine neurons to only 9% of fresh tissue control grafts (27).
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Since bFGF can expand the progenitor population for dopamine neurons in embryonic rat
cultures (6), it is possible that the IGF-I/bFGF combination may lead to more surviving dopamine
neurons by promoting progenitor cell division in human fetal tissue strands. The observed increase in
dopamine neuron sur_;/ival in animals receiving IGF-I/bFGF treated fetal tissue correlates with the
greater improvement in behavioral deficits seen in animals receiving growth factor-treated fetal tissue
compared to control tissue. Although treatment with the IGF-I/bFGF combination led to faster
recovery of methamphetamine-induced circling, complete behavioral recovery was not achieved due
to the slow maturation of human dopamine grafts in the rat host (4, 50).

For the past ten years, we have prepared embryonic tissue as strands for transplantation into
patients with Parkinson's disease (19, 20). Since we have shown that treatment of these strands with
the combination of IGF-1 and bFGF can nearly double the survival of dopamine neurons in
transplants as well as significantly improve behavioral effects of transplants, growth factor

pretreatment may prove useful for improving dopamine neuron survival after transplantation in

Parkinson's disease patients.
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FIGURE LEGENDS

Fig. 1. Effects of growth factor treatment on HVA production in human fetal tissue. Matched pairs
of mesencephalon stfands were made by bisecting fragments of human fetal ventral mesencephalon,
extruding through a 0.2 mm diameter cannula and treating for two weeks either with IGF-I (150
ng/ml) + bFGF (15 ng/ml) in F12 media supplemented with 5% human placental serum (open -
triangles) or with F12 supplemented with serum alone (solid squares). Testing for the content of
HVA in tissue culture extracts was done by HPLC with electrochemical detection (2, 32). All data

represent the mean = SEM (n=6 pairs).

Fig. 2. Effects of transplanted human fetal tissue on behavioral deficits in 6-OHDA-lesioned rats.
Matched pairs of mesencephalon strands were treated either with IGF-1 + bFGF (open triangles), or
with no growth factors (control, solid squares). Tissue was transplanted into striatum of 6-OHDA-
lesioned rats. A) rotational rate induced by methamphetamine (5 mg/kg, i.p.). Animals receiving
growth factor-treated strands had an improvement at 10.5 weeks post-transplant compared to
controls. Asterisk represents statistical significance at p<0.05 compared to controls using a mixed
effects analyses of variance (29) (n=6 pairs) and B) rotational rate induced by apomorphine (0.05
mg/kg, s.c.). Animals receiving growth factor treated strands had their rotational rate induced by
apomorphine measured at 4, 8 and 10.5 weeks after transplantation. Although the growth factor
treated animals had a greater reduction in apomorphine-induced circling, this rate of reduction was

not significantly greater when compared to controls.
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Fig. 3. Effects of treatment with IGF-I + bFGF on human dopamine neurons transplanted into 6-
OHDA-lesioned rats. A) Matched pairs of mesencephalon strands treated with IGF-I + bFGF (solid
bar) and control tissue (open bar) were transplanted into 6-OHDA-lesioned rats. At 10.5 weeks
post-transplant the rats were sacrificed, brain sections made at 40 pm, sections were stained for TH
immunoreactivity and all TH' neurons counted. Estimates are for the whole brain using
Abercrombie’s correction (1). Data are presented as the means + SEM. Significance was shown by
the Student’s t-test. Dopamine neuron survival was significantly enhanced by IGF-I and bFGF (* =
p<0.05, n=6). B) Micrograph showing TH" neurons in a representative control graft. C) Micrograph
showing TH' neurons in a representative graft treated with a combination of IGF-I and bFGF. Scale

bar in B and C = 500 pm..

Fig. 4. Dopamine neuron cell size analysis. A) Mean soma area of TH' neurons found in two different
experimental groups 10.5 weeks after grafting. Student’s t-test confirmed that the IGF-I and bFGF
treatment had no significant effect on the mean soma area of transplanted dopamine neurons. B)
Transplant of control ventral mesencephalic tissue showing TH' neurons. C) Transplant of growth factor

combination-treated tissue. Scale bar in B and C =20 pm..
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PYRIDINYL IMIDAZOLE COMPOUNDS RESCUE DOPAMINERGIC

NEURONS FROM APOPTOTIC CELL DEATH. !4 M, Zﬂ!ﬂﬁ,]t MK.
intzer. e C.R. Freed.' and KA. Heidenreich®®. 'Div. Clin. Pharmacal,,

Depts. Med. & “Pharmacol., Univ. Colorado School of Medicine, *Denver Veterans
Administration Medical Center, Denver, CO 80262.

Parkinson's disease is marked by a progressive loss of dopamine neurons
occurring, in part, by an apoptotic mechanism. To examine the rolc of p38 MAP
kinase in, apoptosis of dopamine neurons we studied the effects of pyridinyl
imidazole compounds (PD169316, SB203580, and SB202190), putative p38 MAP
kinase inhibitors, on apoptosis induced by serum withdrawal in E15 rat ventral
mesencephalic cultures, Serum ® withdrawal reduced the number of surviving
dopamine neurons to 10% of serum controls and PD169316 (10 uM) completely
prevented dopatninergic cell death. The number of attached apoptolic cells
increased from 1.4% to 14% following serum withdrawal., PD169316 blocked the
increment in apoptasis by ~90%, Protective effects of the SB compounds were léss
than than those of PD169316. Under basal conditions in the presence of serum, p38
MAP kinase activity was very low although kinase levels were present as delecled
by Western blotting. Serum withdrawal had no detectable acute effect on p38
activity but lead to upregulation of the enzyme after 16-20 hrs. Upregulation of
p38a was completely blocked by PD169316. In contrast, JNK activity was high
under basal conditions and serum withdrawal had no effect on the activity or levels
of this enzyme, PD169316, and to as lesser exient SB203580, markedly blocked
endogenous JNK activity. These data suggest that the pyridinyl imidazole
compounds block apoptosis in dopamine neurons by inhibiting endogenous JNK
activity and preventing p38 uprcgulation, We conclude that simultaneous inhibition
of p38 MAP kinase and JNK signaling is highly effective in proteciing dopamine
neurons from apoptosis. Inhibitors of strcss-activated protein Kinases may be
beneficial in preventing apoptosis during brain transplantation and in the treatmént
of newrodegenerative diseases involving enhanced apoplosis.  Supporied by
NS18639, NIGMS GM07063, the NPF and VA Merit,
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REGULATION OF APOPTOSIS IN RAT CEREBELLAR GRANULE NEURONS CL Sablels 2* M K
Meintzer!> 2, and K A Heidenreich!> 2. 1Pharmacology, University of Colorado Health Sciences Center,
Denver, CO, and 2Endocrinology, Veterans Administration Medical Center, Denver, CO.

Apoptosis of neuronal cells contributes to neurodegenerative diseases, therefore elucidating mechanisms
which regulate neuronal apoptosis is important for preventing or slowing progression of these diseases. We
have been studying the role of various protein kinase pathways in regulating apoptosis of rat cerebellar
granule neurons (RCG neurons). RCG neurons require depolarizing concentrations of potassium (25 mM), in
addition to serum, to maintain them in culture. Removal of serum and lowering potassium concentrations to
5 mM increased the extent of apoptosis 4-5 fold. This increase in apoptosis was accompanied by a decrease
in activity of the antiapoptotic kinase Akt with no changes in the level of Akt.protein. The downregulation of
Akt required at least one hour in deprivation media and continued over 8 hours. Akt downregulation, like
apoptosis, required both the removal of serum and reduction of potassium. To further determine whether Akt
protects RCG neurons from apoptosis in the presence of high potassium and serum, we examined the effect
of wortmannin (an inhibitor of phosphatidyl inositol-3 kinase which is an upstream activator of Akt) on
apoptosis in complete media. Although wortmannin (100 nM) was able to induce apoptosis under these
conditions, the extent of apoptosis was much lower than that induced by serum withdrawal in low potassium.
This implies that the protective effects of serum and high potassium are mediated through additional
signaling pathways. Therefore, we examined the involvement of the stress-activated protein kinases, p38
MAP kinase and c-Jun N-terminal protein kinase (JNK), in mediating apoptosis in RCG neurons. The
pyridinyl imidazole inhibitors of p38 MAP kinase (PD169316 and SB203580) blocked the apoptotic
response to serum withdrawal in low potassium by 83% and 64% respectively. These compounds (10 uM),
in addition to their known inhibitory actions on p38 MAP kinase, decreased endogenous JNK activity in
RCG neurons. PD169316 and SB203580 had no effect on either the activation of Akt by growth factors or
on the downregulation of Akt indicating the target of the pyridinyl imidazole compounds it either
downstream or independent of Akt. In conclusion, apoptosis of RCG neurons is controlled by multiple
signaling pathways, including Akt and the stress-activated protein kinases. The balance of activity between
these protein kinase pathways determines neuronal cell fate.
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Factors Regulating GnRH Neurons.

Margaret E Wierman !, Melissa P Allen !, Zhaogin Fang !, Mei Xu !, Chan Zeng !,
Kim Heidenreich 2 and Stuart Tobet 3. 'Dept Med and Res Service, VA Med Ctr
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Gonadotropin releasing hormone (GnRH) is the hypothalamic releasing hormone
that controls gonadotropin gene expression and reproductive competence. The
GnRH neuronal population is small,consisting of only 800-1000 neurons in the
rodent. The neurons are born in the olfactory placode and migrate across the
cribiform plate into the forebrain to form a complex neuronal network in the
hypothalamus. The signals required for this precisely-timed neuronal migration are
poorly understood, but defects in GnRH neuronal migration in the human may
result in hypogonadotropic hypogonadism. We recently used differential display
on two GnRH producing cell lines derived during specific windows of GnRH
neuronal migration to identify novel factors involved in the process. Gn10 cells,
created by Radovick and coworkers, were isolated from an olfactory tumor during
GnRH neuronal migration and make little GnRH. GT1-7 cells, cloned by Mellon
and colleagues are from a forebrain tumor of postmigratory cells and make
abundant GnRH. Our screen identified Adhesion related kinase (Ark) in Gn10 but
not GT1-7 cells. Ark is a member of a new family of growth factor receptors,
unique in that their amino termini have fibronectin and immunoglobulin repeats
characteristic of cell adhesion molecules, and an intracellular domain that encodes
a tyrosine kinase. In vivo, Ark and GnRH mRNA were detected by Northern
analysis in total RNA isolated from the cribiform plate region at day 13 (the time
when the GnRH population is concentrated in this location). These data strongly
suggest that Ark is expressed in GnRH neurons during migration. We have studied
three potential physiologic functions of Ark in GnRH neuronal cells. First, Ark
signaling via its ligand, growth arrest specific gene 6 (Gas-6), rescues neurons
from growth factor withdrawal-induced apoptosis. We showed that the ERK1,2
MAP kinase and the PI3-kinase/Akt pathways are critical for this inhibition of
programed cell death. We postulate this protective function is used during GnRH
neuronal migration to ensure an adequate number of neurons reach their ultimate
destination in the hypothalamus. Secondly, Ark may be one of the factors
regulating GnRH neuronal migration. In vitro migration studies using a Boyden
chamber assay demonstrated that Gn10 (Ark-+)neurons migrate at a higher basal
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rate than GT1-7(Ark-)neurons. In addition, Gas-6 augments migration only in
Gn10 cells. The signaling pathways involved in this process are under study. This
function may be critical in targeting GnRH neurons to the forebrain. Thirdly, the
GnRH promoter is the first identified downstream nuclear target of Ark signaling.
Ark repression of neuronal GnRH expression requires activation of the ERK1,2
pathway. Inhibition is mediated by proximal GnRH promoter elements that bind
myocyte enhancer factor 2-B and 2-C proteins, and a homeodomain protein. Ark
control of GnRH expression may play a role in limiting GnRH transcription until
the GnRH neuronal population has reached its final destination in the forebrain.
Together these studies show the relevance of using novel strategies to identify
factors important in GnRH neuronal migration. Newly discovered molecules may
serve as candidates for defects resulting in hypogonadism and new targets for pro
or antifertility agents. (Supported by Lalor Fellowship to MPA, VA Merit Review
and NIH HD32017 to MEW)

Disclosure: There is no disclosure information to present

Presenting Author Signature: ( Margaret E Wierman ) Date:

Return To Thank You

Note: Use the buttons on the left to move between screens
or the '""Reload" button if you encounter an error message.

Questions about the Online Abstract Submission process?
Contact Marathon Multimedia at support@marathonmultimedia.com .

Questions about the The Endocrine Society 82" Annual Meeting?
Contact The Endocrine Society at endostaffl@endo-society.org .

Online Submission® is a product of

MARATHON
Multimedia

Computer program and interfaces are Copyright © 1999 by Marathon Multimedia.
All rights reserved. Use for other than the intended functions is prohibited.
Questions or comments? email webmaster@marathonmultimedia.com

http://www.marathonmultimedia.com/submission/ENDO2/finalpreview.asp 3/2/00




|

‘

4 A}
Abstract Proof |

°

http://abstracts.sfn.org/index.htm

Appendix 10

SFN Support Team

sfn-support@cijp.com
1.888.348.2065 (24 hr
Click here for

support
Forgot your ID numbe

Edit Menu
(Click on these
to edit the data
in your
abstract.)

Contact Info
Details
Themes and
Topics
Institutions
Authors
Title

Key Words
Body
Disclaimers
Back to Menu

To see a
sample of what
an abstract will
look like in the
abstract book,
click here.

(Note: You need

Adobe Acrobat
Reader to see it.)

1 of3

e Total characters left: 180

When you are satisfied that all the information below is complete and
accurate, press the Finished Revising/Submit button and enter your credit
card information. You must pay the submission fee for your abstract to be
considered.

Submission of this abstract is final, like putting a paper abstract into the
mailbox. Once you have submitted and paid for your abstract, you will not
be able to revise it without submitting a replacement abstract and paying
the replacement abstract fee of $50.00 USD.

If you want to continue revising your abstract, you may do so by pressing
the Save Abstract button below. Remember that you must submit by the
deadline for your abstract to be considered.

If you are going to submit this abstract, be sure to print this page for your
records.

After you have submitted your abstract, and received your control number,
you must contact the SFN Program Department if you wish to have your

abstract withdrawn.

Contact Info

Presentation Type:
Theme 1:

Topic 1:

Theme 2:

Topic 2:

Abstract Title:

Contributing
Authors:

W Michael Zawada

Univ Colorado HSC

Denver

CO

USA

303-315-8455

303-315-3272

mike.zawada@uchsc.edu

Slide/Poster

A. Development and Regeneration

23. Transplantation

J. Disorders of the Nervous System and Aging

131. Degenerative disease: Parkinson's
INHIBITORS OF p38 MAP KINASE INCREASE
THE SURVIVAL OF TRANSPLANTED DOPAMINE
NEURONS ’

1. WM. Zawada!-3*
2. MK. Meintzer>*

4/21/2000 12:19 PM




X

Abstract Proot’,
*

. http://abstracts.stn.org/index htm

3. P. Rao%*
4. J. Marotti!
5 X Wangz’4
6. JE. Esplenl’2
7. E.D. Clarkson!
8. C.R. Freed'?
9. K A. Heidenreich®*
Institutions: 1. Clinical Pharmacology, 2. Pharmacology, 3.

Neuroscience Program, University of Colorado Health
o Sciences Center, Denver, CO, USA

4. Denver Veterans Administration Medical Center,
Denver, CO, USA

Key words: PARKINSON, MIDBRAIN, PROTEIN KINASE,
TRANSPLANT*
Abstract: Fetal cell transplantation therapies are being developed

for the treatment of a number of neurodegenerative
disorders including Parkinson's disease. Massive
apoptotic cell death is a major limiting factor for the
success of neurotransplantation. We have explored a
novel protein kinase pathway for its role in apoptosis of
dopamine neurons. We have discovered that inhibitors
of p38 MAP kinase (the pyridinyl imidazole compounds:
PD169316, SB203580, and SB202190) improve
survival of rat dopamine neurons in vitro and after
transplantation into hemiparkinsonian rats. In embryonic
rat ventral mesencephalic cultures, serum withdrawal led
to 80% loss of dopamine neurons due to increased
apoptosis. Incubation of the cultures with p38 MAP
kinase inhibitors at the time of serum withdrawal
prevented dopaminergic cell death by inhibiting
apoptosis. In the hemiparkinsonian rat, preincubation of
ventral mesencephalic tissue with PD169316 prior to
transplantation accelerated behavioral recovery and
doubled the survival of transplanted dopamine neurons.
We conclude that inhibitors of stress-activated protein
kinases improve the outcome of cell transplantation by
preventing apoptosis of neurons after grafting.
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